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The subject matter of electronics may be divided into two broad categories: the application of physical 
properties of materials in the development of electronic control devices and the utilization of electronic 
control devices in circuit applications. The emphasis in this book is on the latter category, beginning 
with the terminal characteristics of electronic control devices. Other topics are dealt with only as 
necessary to an understanding of these terminal characteristics. 

This book is designed to supplement the text for a first course in electronic circuits for engineers. It 
will also serve as a refresher for those who have previously taken a course in electronic circuits. 
Engineering students enrolled in a nonmajors’ survey course on electronic circuits will find that portions 
of Chapters 1 to 7 offer a valuable supplement to their study. Each chapter contains a brief review of 
pertinent topics along with governing equations and laws, with examples inserted to immediately clarify 
and emphasize principles as introduced. As in other Schaum’s Outlines, primary emphasis is on the 
solution of problems; to this end, over 350 solved problems are presented. 

Three principal changes are introduced in the second edition. SPICE method solutions are presented 
for numerous problems to better correlate the material with current college class methods. The first- 
edition Chapter 13 entitled “Vacuum Tubes” has been eliminated. However, the material from that 
chapter relating to triode vacuum tubes has been dispersed into Chapters 4 and 7. A new Chapter 10 
entitled “Switched Mode Power Supplies’ has been added to give the reader exposure to this important 
technology. 

SPICE is an acronym for Simulation Program with Integrated Circuit Emphasis. It is commonly 
used as a generic reference to a host of circuit simulators that use the SPICE2 solution engine developed 
by U.S. government funding and, as a consequence, is public domain software. PSpice is the first 
personal computer version of SPICE that was developed by MicroSim Corporation (purchased by 
OrCAD, which has since merged with Cadence Design Systems, Inc.). As a promotional tool, Micro- 
Sim made available several evaluation versions of PSpice for free distribution without restriction on 
usage. These evaluation versions can still be downloaded from many websites. Presently, Cadence 
Design Systems, Inc. makes available an evaluation version of PSpice for download by students and 
professors at www.orcad.com|Products/Simulation|PSpice/eval.asp. 

The presentation of SPICE in this book is at the netlist code level that consists of a collection of 
element-specification statements and control statements that can be compiled and executed by most 
SPICE solution engines. However, the programs are set up for execution by PSpice and, as a result, 
contain certain control statements that are particular to PSpice. One such example is the PROBE 
statement. Probe is the proprietary PSpice plot manager which, when invoked, saves all node voltages 
and branch currents of a circuit for plotting at the user’s discretion. Netlist code for problems solved by 
SPICE methods in this book can be downloaded at the author’s website www.engr.uky.edu/~cathey. 
Errata for this book and selected evaluation versions of PSpice are also available at this website. 

The book is written with the assumption that the user has some prior or companion exposure to 
SPICE methods in other formal course work. If the user does not have a ready reference to SPICE 
analysis methods, the three following references are suggested (pertinent version of PSpice is noted in 
parentheses): 


1. SPICE: A Guide to Circuit Simulation and Analysis Using PSpice, Paul W. Tuinenga, Prentice- 
Hall, Englewood Cliffs, NJ, 1992, ISBN 0-13-747270-6 (PSpice 4). 
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2. Basic Engineering Circuit Analysis, 6/e, J. David Irwin and Chwan-Hwa Wu, John Wiley & 
Sons, New York, 1999, ISBN 0-471-36574-2 (PSpice 8). 


3. Basic Engineering Circuit Analysis, 7/e, J. David Irwin, John Wiley & Sons, New York, 2002, 
ISBN 0-471-40740-2 (PSpice 9). 
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Circuit Analysis: Port 
Point of View 


1.1. INTRODUCTION 


Electronic devices are described by their nonlinear terminal voltage-current characteristics. Circuits 
containing electronic devices are analyzed and designed either by utilizing graphs of experimentally 
measured characteristics or by linearizing the voltage-current characteristics of the devices. Depending 
upon applicability, the latter approach involves the formulation of either small-perturbation equations 
valid about an operating point or a piecewise-linear equation set. The linearized equation set describes 
the circuit in terms of its interconnected passive elements and independent or controlled voltage and 
current sources; formulation and solution require knowledge of the circuit analysis and circuit reduction 
principles reviewed in this chapter. 


1.2. CIRCUIT ELEMENTS 


The time-stationary (or constant-value) elements of Fig. 1-1(a) to (c) (the resistor, inductor, and 
capacitor, respectively) are called passive elements, since none of them can continuously supply energy to 
a circuit. For voltage v and current i, we have the following relationships: For the resistor, 


v= Ri or i=Gv (1.1) 


where R is its resistance in ohms (Q), and G = 1/R is its conductance in siemens (S)._ Equation (/./) is 
known as Ohm’s law. For the inductor, 


di Lf 
v=La or i=z | vde (1.2) 
where L is its inductance in henrys (H). For the capacitor, 
1 f' I 
vac) iat or =C (1.3) 


where C is its capacitance in farads (F). If R, L, and C are independent of voltage and current (as 
well as of time), these elements are said to be linear: Multiplication of the current through each by a 
constant will result in the multiplication of its terminal voltage by that same constant. (See Problems 1.1 
and 1.3.) 


1 
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The elements of Fig. 1-1(d) to (A) are called active elements because each is capable of continuously 
supplying energy to a network. The ideal voltage source in Fig. 1-1(d) provides a terminal voltage v that 
is independent of the current 7 through it. The ideal current source in Fig. 1-1(e) provides a current i that 
is independent of the voltage across its terminals. However, the controlled (or dependent) voltage source 
in Fig. 1-1(/) has a terminal voltage that depends upon the voltage across or current through some other 
element of the network. Similarly, the controlled (or dependent) current source in Fig. 1-1(g) provides a 
current whose magnitude depends on either the voltage across or current through some other element of 
the network. If the dependency relation for the voltage or current of a controlled source is of the first 
degree, then the source is called a /inear controlled (or dependent) source. The battery or dc voltage 
source in Fig. 1-1(A) is a special kind of independent voltage source. 


i i 
i v v : v V 
(e) (f) (g) (A 


(a) (b) (c) (@) ) 


Fig. 1-1 


1.3. SPICE ELEMENTS 


The passive and active circuit elements introduced in the previous section are all available in 
SPICE modeling; however, the manner of node specification and the voltage and current sense or 
direction are clarified for each element by Fig. 1-2. The universal ground node is assigned the 
number 0. Otherwise, the node numbers 7 (positive node) and n> (negative node) are positive integers 


) ) ) ) (%) 


Te | 1R~) + | 1) + Juc-) at |r) = 
V(ny, nz) 2R Vin, nz) @ Ls Vin, n) Ce BR Vin, ra) ie 
= = = s + 
e 
Resistor Inductor Capacitor Independent Independent 
voltage source current source 


©) @& en) 


+ + ©) + ’ ce 
oh 2h Oh 4h 
y 8 
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selected to uniquely define each node in the network. The assumed direction of positive current flow is 
from node n, to node np. 

The four controlled sources—voltage-controlled voltage source (VCVS), current-controlled voltage 
source (CCVS), voltage-controlled current source (VCCS), and current-controlled current source 
(CCCS)— have the associated controlling element also shown with its nodes indicated by cn, (positive) 
and cn (negative). Each element is described by an element specification statement in the SPICE netlist 
code. Table 1-1 presents the basic format for the element specification statement for each of the 
elements of Fig. 1-2. The first letter of the element name specifies the device and the remaining 
characters must assure a unique name. 


Table 1-1 


Element Signal Type Control Source 


Resistor 


Inductor 


Capacitor 


Voltage source ve AC or DC’ 


Current source os AC or DC* 


VCVS ae (cn,, CN>) 
CCVS a Vv 


VCCS ne (cn,, CN2) 
CCCS ns Ve 


a. Time-varying signal types (SIN, PULSE, EXP, PWL, SFFM) also available. 
b. AC signal types may specify phase angle as well as magnitude. 


1.4. CIRCUIT LAWS 


Along with the three voltage-current relationships (/./) to (/.3), Kirchhoff’s laws are sufficient to 
formulate the simultaneous equations necessary to solve for all currents and voltages of a network. (We 
use the term network to mean any arrangement of circuit elements.) 

Kirchhoff’s voltage law (KVL) states that the algebraic sum of all voltages around any closed loop of a 
circuit is zero; it is expressed mathematically as 

n 


uO. (1.4) 


k=1 


where nis the total number of passive- and active-element voltages around the loop under consideration. 
Kirchhoff’s current law (KCL) states that the algebraic sum of all currents entering every node (junc- 
tion of elements) must be zero; that is 


m 


pa (1.5) 


k=1 


where m is the total number of currents flowing into the node under consideration. 
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1.5. STEADY-STATE CIRCUITS 


At some (sufficiently long) time after a circuit containing linear elements is energized, the voltages 
and currents become independent of initial conditions and the time variation of circuit quantities 
becomes identical to that of the independent sources; the circuit is then said to be operating in the 
steady state. If all nondependent sources in a network are independent of time, the steady state of the 
network is referred to as the dc steady state. On the other hand, if the magnitude of each nondependent 
source can be written as K sin(wt +), where K is a constant, then the resulting steady state is known as 
the sinusoidal steady state, and well-known frequency-domain, or phasor, methods are applicable in its 
analysis. In general, electronic circuit analysis is a combination of de and sinusoidal steady-state 
analysis, using the principle of superposition discussed in the next section. 


1.6. NETWORK THEOREMS 


A linear network (or linear circuit) is formed by interconnecting the terminals of independent (that is, 
nondependent) sources, linear controlled sources, and linear passive elements to form one or more closed 
paths. The superposition theorem states that in a linear network containing multiple sources, the voltage 
across or current through any passive element may be found as the algebraic sum of the individual voltages or 
currents due to each of the independent sources acting alone, with all other independent sources deactivated. 

An ideal voltage source is deactivated by replacing it with a short circuit. An ideal current source is 
deactivated by replacing it with an open circuit. In general, controlled sources remain active when the 
superposition theorem is applied. 


Example 1.1. Is the network of Fig. 1-3 a linear circuit? 
The definition of a linear circuit is satisfied if the controlled source is a linear controlled source; that is, if a is a 
constant. 


Fig. 1-3 


Example 1.2. For the circuit of Fig. 1-3, v, = 10sinat V, V; = 10V, Ry = Ry = R3 =1Q, anda=0. Find 
current i, by use of the superposition theorem. 

We first deactivate V;, by shorting, and use a single prime to denote a response due to v, alone. Using the 
method of node voltages with unknown v; and summing currents at the upper node, we have 


/ / ! 
Us — U2 U2 U2 


Then, by Ohm’s law, 


rd 
: U2 é 
i =—=sinot A 
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Now, deactivating v, and using a double prime to denote a response due to V, alone, we have 


i! — Vp 
5 Rs + RillR 
RR 
where Rilo 
R, + Ry 


so that RB =~—.~=—A 


Then, by current division, 


Finally, by the superposition theorem, 
~ a , an _ 10 ; 
b=ihtih = ras + sinat) A 


Terminals in a network are usually considered in pairs. A port is a terminal pair across which a 
voltage can be identified and such that the current into one terminal is the same as the current out of the 
other terminal. In Fig. 1-4, if i; = i,, then terminals 1 and 2 form a port. Moreover, as viewed to the 
left from terminals 1,2, network A is a one-port network. Likewise, viewed to the right from terminals 
1,2, network B is a one-port network. 


Linear 


network 
A 


(a) (b) (c) 
Fig. 1-4 


Thévenin’s theorem states that an arbitrary linear, one-port network such as network A in Fig. 1-4(a) 
can be replaced at terminals 1,2 with an equivalent series-connected voltage source V7, and impedance Zr, 
(= R,, + jXm) as shown in Fig. 1-4(b). Wp is the open-circuit voltage of network A at terminals 1,2 and 
Z 7, is the ratio of open-circuit voltage to short-circuit current of network A determined at terminals 1,2 with 
network B disconnected. If network A or B contains a controlled source, its controlling variable must be in 
that same network. Alternatively, Z7, is the equivalent impedance looking into network A through 
terminals 1,2 with all independent sources deactivated. If network A contains a controlled source, Z7;, is 
found as the driving-point impedance. (See Example 1.4.) 


Example 1.3. In the circuit of Fig. 1-5, V,=4V, 14 =2A, Rj =2Q, and Ry =3Q. _ Find the Thévenin 
equivalent voltage V7, and impedance Z7, for the network to the left of terminals 1,2. 


Fig. 1-5 
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With terminals 1,2 open-circuited, no current flows through R,; thus, by KVL, 


Vin = Vip = Vg t+ QR, =44+(2)2) =8V 


The Thévenin impedance Z 7, is found as the equivalent impedance for the circuit to the left of terminals 1,2 with the 
independent sources deactivated (that is, with V., replaced by a short circuit, and 7, replaced by an open circuit): 


Zr, = Rm = Ri + Ry = 243 =5Q 


Example 1.4. In the circuit of Fig. 1-6(a), V4 =4V, a =0.25A/V, R; =2Q, and R, =3Q. Find the Thévenin 
equivalent voltage and impedance for the network to the left of terminals 1,2. 


1 ae 
ae 
Vap 
2 
(a) (b) 


Fig. 1-6 


With terminals 1,2 open-circuited, no current flows through Rj. But the control variable V; for the voltage- 
controlled dependent source is still contained in the network to the left of terminals 1,2. Application of KVL yields 


Vin = Vi = Vg tov, Ry 


V4 4 


that Vins = =8Vv 
le TT —oR, 1.252) 


Since the network to the left of terminals 1,2 contains a controlled source, Z7;, is found as the driving-point 
impedance V4,/Zq), with the network to the right of terminals 1,2 in Fig. 1-6(a) replaced by the driving-point source 
of Fig. 1-6(b) and V4 deactivated (short-circuited). After these changes, KCL applied at node a gives 

q =a Vap oh Tap (/.6) 
Application of KVL around the outer loop of this circuit (with V, still deactivated) yields 


Vip = TapR2 + NR (1.7) 


Substitution of (7.6) into (7.7) allows solution for Z7, as 


Vay R, + R> 2 + 3 
Zm= = <= =102 
TT 1—aR, 1 —(0.25)(2) a 


Norton’s theorem states that an arbitrary linear, one-port network such as network A in Fig. 1-4(a) 
can be replaced at terminals 1,2 by an equivalent parallel-connected current source Iy and admittance Yy as 
shown in Fig. 1-4(c). Iy is the short-circuit current that flows from terminal I to terminal 2 due to network 
A, and Yy is the ratio of short-circuit current to open-circuit voltage at terminals 1,2 with network B 
disconnected. If network A or B contains a controlled source, its controlling variable must be in that same 
network. It is apparent that Yy = 1/Z7,; thus, any method for determining Z7, is equally valid for 
finding Yy. 
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Example 1.5. Use SPICE methods to determine the Thévenin equivalent circuit looking to the left through 
terminals 3,0 for the circuit of Fig. 1-7. 


0.17, 


oe  @ ~ le eo 
R,=50 
=v) Ch )a-2a R,=3 : Oz 
© OQ 
@ Fig. 1-7 ms 


In SPICE independent source models, an ideal voltage source of 0 V acts as a short circuit and an ideal current 
source of 0A acts as an infinite impedance or open circuit. Advantage will be taken of these two features to solve 
the problem. 

Load resistor R; of Fig. 1-7(a) is replaced by the driving point current source Jy, of Fig. 1-7(b). The netlist code 
that follows forms a SPICE description of the resulting circuit. The code is set up with parameter-assigned values 
for Vj, h, and [yy. 


Ex1_5.CIR - Thevenin equivalent circuit 

- PARAM Vivalue=0V I2value=0A Idpvalue=1A 
V110DC {Vlvalue} 

R112 1ohm 

I202DC {I12value} 


R2 2 0 30hm 

R3 2 3 50hm 

G3 23 (1,0) 0.1; Voltage-controlled current-source 
Idp 0 3 DC {Idpvalue} 

. END 


If both V, and J, are deactivated by setting V1 value = I2value=0, current Z,, = 1 A must flow through the Thévenin 
equivalent impedance Zp, = Ry, so that v3 = Ig¢)Rr_, = Rr. Execution of <Ex1l_5.CIR> by a SPICE program 
writes the values of the node voltages for nodes 1, 2, and 3 with respect to the universal ground node 0 in a file 
<Exl_5.OUT>. Poll the output file to find v; = V(3) = Ry, = 5.75Q. 

In order to determine V7, (open-circuit voltage between terminals 3,0), edit <Exl_5.CIR> to set 
Vivalue=10V, I2value=2A, and Idpvalue=0A. Execute <Ex1l_5.CIR> and poll the output file to find 
Vr, = v3 = V(3) = 14V. 


Example 1.6. Find the Norton equivalent current Jy and admittance Yy for the circuit of Fig. 1-5 with values as 
given in Example 1.3. 
The Norton current is found as the short-circuit current from terminal | to terminal 2 by superposition; it is 
Va + Rly 
Ri+R, Rt Ry 


Iy = Tin = current due to V4 + current due to [4 = 


we (2)(2) _ 
mee aly 3 ae 
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The Norton admittance is found from the result of Example 1.3 as 


1 1 
= ~=0.28 


Yy = = 
? Z Th 5 


We shall sometimes double-subscript voltages and currents to show the terminals that are of interest. 
Thus, V;3 is the voltage across terminals | and 3, where terminal | is at a higher potential than terminal 
3. Similarly, 7,3 is the current that flows from terminal | to terminal 3. Asan example, V;, in Fig. 1-6(a) 
could be labeled V;, (but not V,). 

Note also that an active element (either independent or controlled) is restricted to its assigned, or 
stated, current or voltage, no matter what is involved in the rest of the circuit. Thus the controlled 
source in Fig. 1-6(a) will provide aV; A no matter what voltage is required to do so and no matter what 
changes take place in other parts of the circuit. 


1.7. TWO-PORT NETWORKS 


The network of Fig. 1-8 is a two-port network if J; = Ij and , = Jj. _It can be characterized by the 
four variables V,, V2, 1,, and 4, only two of which can be independent. If V, and V, are taken as 
independent variables and the linear network contains no independent sources, the independent and 
dependent variables are related by the open-circuit impedance parameters (or, simply, the z parameters) 
211,212, Z21, and Zz) through the equation set 


Y= 2 + 22h (/.8) 
Vy = 290, + Z02/5 U.9) 
q L 
alls 
1 2 
Linear 
network Ve 
aly 2) 


Fig. 1-8 


Each of the z parameters can be evaluated by setting the proper current to zero (or, equivalently, by 
open-circuiting an appropriate port of the network). They are 


V; 
a= — (1.10) 
i Ti lis 
V, 
=z (1.11) 
2 Ih=0 
Vy 
eee (1.12) 
Dy es 
V. 
i= (1.13) 
Ly \1,=0 


In a similar manner, if V,; and J, are taken as the independent variables, a characterization of the 
two-port network via the hybrid parameters (or, simply, the h-parameters) results: 


Vi = Ay ne hy V> (1.14) 
i = Ay Ty a hy V> (1.15) 


CHAP. 1] CIRCUIT ANALYSIS: PORT POINT OF VIEW 9 


Two of the / parameters are determined by short-circuiting port 2, while the remaining two parameters 
are found by open-circuiting port 1: 


V 
hy aa (1.16) 
1 1V=0 
‘4 
i= (1.17) 
V2 |1,=0 
i =? (1.18) 
1 ly5=0 
L 
hy =— (1.19) 
ame? 1=0 


Example 1.7. Find the z parameters for the two-port network of Fig. 1-9. 
With port 2 (on the right) open-circuited, , = 0 and the use of (/./0) gives 


V. R(Ro+R 
zy =— JKR OT. 


~ N |h=0 Ri + Ro + Ry 


Fig. 1-9 


Also, the current pg) flowing downward through R> is, by current division, 


R 
le =~ 
But, by Ohm’s law, 
V>=IpR ae 
2= Ie = RR ER, | 
Hence, by (/./2), 
_ Vy = RyRy 
"od n-0 Rit Ry +R3 


Similarly, with port 1 open-circuited, J; = 0 and (/./3) leads to 


RR, + R3) 
= R(X, + 23) = [> - 
a0 2ICRy J R+R+R; 


222 L 


The use of current division to find the current downward through R;, yields 


Ry 


a 
RI R, + Ry + R3 


L 


and Ohm’s law gives 


RR 
V, = Ryle = 12 Lh 
R, + Ro+ R3 
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Thus, by (1.11), 


L 


a R, Ry 
nao Ri +Rt+R; 


212 


Example 1.8. Find the / parameters for the two-port network of Fig. 1-9. 
With port 2 short-circuited, V) = 0 and, by (/./6), 


V, RR 
Ay : = R,||R3 == 

TN |y,=0 Ri +R; 

By current division, 
R 
lh = Sa) ql 
so that, by (1.18), 
hy, h zi 
q V>=0 R, + R; 


If port | is open-circuited, voltage division and (/.17) lead to 


V. V. 
VR, +R; 
V. R 
and hy = = ! 
Voin—0 Rit Rs 


Finally, 4) is the admittance looking into port 2, as given by (/.19): 


L 
Vy 


1 RR eR 
n=o0 = Roll(Ri + R3) Ro Ri + R3) 


hy = 


The z parameters and the / parameters can be numerically evaluated by SPICE methods. In electron- 
ics applications, the z and A parameters find application in analysis when small ac signals are impressed on 
circuits that exhibit limited-range linearity. Thus, in general, the test sources in the SPICE analysis should 
be of magnitudes comparable to the impressed signals of the anticipated application. Typically, the 
devices used in an electronic circuit will have one or more dc sources connected to bias or that place the 
device at a favorable point of operation. The input and output ports may be coupled by large capacitors 
that act to block the appearance of any dc voltages at the input and output ports while presenting negligible 
impedance to ac signals. Further, electronic circuits are usually frequency-sensitive so that any set of z orh 
parameters is valid for a particular frequency. Any SPICE-based evaluation of the z and / parameters 
should be capable of addressing the above outlined characteristics of electronic circuits. 


Example 1.9. For the frequency-sensitive two-port network of Fig. 1-10(a), use SPICE methods to determine the z 
parameters suitable for use with sinusoidal excitation over a frequency range from | kHz to 10 kHz. 

The z parameters as given by (/./0) to (J./3), when evaluated for sinusoidal steady-state conditions, are formed 
as the ratios of phasor voltages and currents. Consequently, the values of the z parameters are complex numbers 
that can be represented in polar form as 24 = 2; / @y. 

For determination of the z parameters, matching terminals of the two sinusoidal current sources of Fig. 1-10(5) 
are connected to the network under test of Fig. 1-10(a). The netlist code below models the resulting network with 
parameter-assigned values for /, and /;. Two separate executions of <Ex1_9.CIR> are required to determine all 
four z parameters. The .AC statement specifies a sinusoidal steady-state solution of the circuit for 11 values of 
frequency over the range from 10 kHz to 100 kHz. 
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To Ui TORE 5 R,=1kQ @~ 
de ( ° AN/\ +6) 
+ + 
S Ry= 1040 i 
V, x +3) Ry =5kQ Cy=0.05uF Vs 
V,=10V == | 
° ‘ ° 
© 
(a) 
O® 


Ex1_9.CIR- z-parameter evaluation 

. PARAM I1lvalue=1mA I5value=0mA 

Il O1AC {Ilvalue} 

R10 101Tohm ; Large resistor to avoid floating node 
Ci 12 100uF 

RB 23 10kohm 

VB 03DC 10V 

Rl 24 1kohm 

R2 40 5kohm 

c2 400.05uF 

Co 54100uF 

I5 05AC {1I5value} 

R50501Tohm ; Large resistor to avoid floating node 
-AC LIN 11 10kHz 100kHz 

- PROBE 

- END 


The values of R10 and R50 are sufficiently large (1 x 10'7Q) so that I, = Jc; and I; =Ic,. If source J; is 
deactivated by setting ISvalue=0 and I1 value is assigned a small value (i.e., | mA), then z,; and z2, are determined 
by (/./0) and (/./2), respectively. <Ex1_9.CIR> is executed and the probe feature of PSpice is used to graphically 
display the magnitudes and phase angles of z,, and z»; in Fig. 1-11(a). Similarly, /, is deactivated and J; is assigned 
a small value (Il value =0, IS5value=1mA) to determine the values of z,y and Zz.) by (/.//) and (/./3), respectively. 
Execution of <Ex1_9.CIR> and use of the Probe feature of PSpice results in the magnitudes and phase angles of 
Z12 and Z) as shown by Fig. 1-11(b). 


Example 1.10. Use SPICE methods to determine the / parameters suitable for use with sinusoidal excitation at a 
frequency of 10 kHz for the frequency-sensitive two-port network of Fig. 1-10(a). 

The / parameters of (J./6) to (/.19) for sinusoidal steady-state excitation are ratios of phasor voltages and 
currents; thus the values are complex numbers expressible in polar form as hy = hy/j. 

Connect the sinusoidal voltage source and current source of Fig. 1-10(c) to the network of Fig. 1-10(a). The 
netlist code below models the resulting network with parameter-assigned values for J, and V;. Two separate 
executions of <Ex1_10.CIR> are required to produce the results needed for evaluation of all four 4 parameters. 


12 


(a) 


(6) 
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400 S Dieteitisiaieitataiaieiananaanaieietetatatataietatstenatatsiatatetetataneatate 1 
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I 1 

(2 20, sy Fa ps a ig ig Na a at AD ey age DY FES oe Re SRE eee 1 
o Vm(1) /Im(Co) 

-80 d— Sei Spaces ee te ol sstese reform hee oe as ee | 
1 7 t 
ang .2z12 
i} Ps 1 
i} i) 

SEL>> | . : 

GOA hes ses eat i pe es ae ee J 
no Vp(1) -Ip(Co) 

400 | ciacaiatateateieietadetaitadatatataieteiatetataiatatetatatatetataaietatatametate 1 
i} i) 
mag 222 t 
' 

Ofc Sarh en ee een dea wie ee See cin ee ee i 
o Vm(5)/Im(Co) 

-80 ds. he Eee A he Bes Sa hip Pe, ees Se ON a Ee At Se og oe Le pals } 
‘ 5, 1 
i ang 222 i 
1 i) 
i 1 

WOO Gh yectotau sti ee oe a ott ee ee : 

0 Hz 50 KHz 100 KHz 
a Vp(5)-Ip (co) 
Frequency 


Fig. 1-11 
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Through use of the PRINT statement, both magnitudes and phase angles of V;, V;, I¢;, and Ic, are written to 
<Ex1_10.0UT> and can be retrieved by viewing of the file. 


Ex1_10.CIR- h-parameter evaluation 

. PARAM I1lvalue=0mA V5value=1mV 

Il O1AC {Ilvalue} 

R10 101Tohm ; Large resistor to avoid floating node 

Ci 12 100uF 

RB 23 10kohm 

VB 03DC 10V 

Rl 241kohm 

R2 40 5kohm 

C2 400.05uF 

Co 54 100uF 

V5 50AC {V5value} 

-AC LIN 1 10kHz 10kHz 

-PRINT AC Vm(1) Vp(1) Im(Ci) Ip(Ci) ; Mag & phase of inputs 
-PRINT AC Vm(5) Vp(5) Im(Co) Ip(Co) ; Mag & phase of outputs 
. END 


Set V5value=0 (deactivates V;) and Ilvalue=ImA. Execute <Exl_10.CIR> and retrieve the necessary 
values of V,,Ic¢;, and Ic, to calculate 41; and fy, by use of (7./6) and (/./8). 


_ Ymd) ts 0.9001 ta : 
1 = Facey LEVPCD — (Cd) = Tgp 4(-0.02" + 0°) = 909.14 — 0.02 

_ Im(Co) 9.08 x 1074 shee ; 
21 = Tracey £AP(Co) — Ip(Ci) & Saga A(-180° + 0°) = 0.908 2 — 180 


_ Set V5value= ImV and I value =0 (deactivates I,). Execute <Exl_10.CIR> and retrieve the needed values of 
V,,Vs5, and Ic, to evaluate fy, and hy, by use of (1.17) and (.19). 


_ Vm) 908x104 , 

fy, VG) Z(Vp(1) — Vp(5)) & ae /(0° — 0°) = 0.9080 
_ ImCo) eee a) iy 7 - F 
2 = Vni5y LEP(Co) — Vp(5)) & Sega A847 — 0°) = 3.15 x 10 184.7 


1.8. INSTANTANEOUS, AVERAGE, AND RMS VALUES 


The instantaneous value of a quantity is the value of that quantity at a specific time. Often we will be 
interested in the average value of a time-varying quantity. | But obviously, the average value of a 
sinusoidal function over one period is zero. For sinusoids, then, another concept, that of the root-mean- 
square (or rms) value, is more useful: For any time-varying function f(¢) with period 7, the average value 
over one period is given by 


1 to+T 
Ho | f(tdt (1.20) 
T to 


and the corresponding rms value is defined as 


1 to+T P 
pS 7| ‘f2(t) dt (1.21) 


i) 


where, of course, Fy and F are independent of tf. The motive for introducing rms values can be 
gathered from Example 1.12. 
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Example 1.11. Since the average value of a sinusoidal function of time is zero, the half-cycle average value, which 
is nonzero, is often useful. Find the half-cycle average value of the current through a resistance R connected 
directly across a periodic (ac) voltage source v(t) = V,,, sin at. 

By Ohm’s law, 


i(t) = ld) — Vin sin wt 
R R 
and from (/.20), applied over the half cycle from t9 = 0 to T/2 =z, 


my, LY, 
h=-—| —sinotd(ot) =——[-cos of} ,9 = 
p= 2 |, GP sinerdton = coset 


alte 


V, 
= 1.22 
z (1.22) 


Example 1.12. Consider a resistance R connected directly across a dc voltage source Vg... The power absorbed by 
Ris 


Vie 
Pac = a (1.23) 
Now replace Vy, with an ac voltage source, u(t) = V,,, sin@t. The instantaneous power is now given by 
2 2 
t V, 
1) =O = sin (1.24) 
Hence, the average power over one period is, by (/.20), 
1 Qa fe V2 
=— in” wt d(wt) = = 1.25 
v= 5, | GP sinbordon = 52 (1.25) 


Comparing (/.23) and (7.25), we see that, insofar as power dissipation is concerned, an ac source of amplitude V,,, is 


equivalent to a de source of magnitude 
V, 1 7 
=P f v()dt=V (1.26) 


For this reason, the rms value of a sinusoid, V = V,,,/./2, is also called its effective value. 

From this point on, unless an explicit statement is made to the contrary, all currents and voltages in the 
frequency domain (phasors) will reflect rms rather than maximum values. Thus, the time-domain voltage 
u(t) = V,, cos(wt + ) will be indicated in the frequency domain as V = V|¢, where V = V,,,//2. 


Example 1.13. A sinusoidal source, a de source, and a 10Q resistor are connected as shown by Fig. 1-12. If 
v, = 10 sin(@t — 30°) V and Vg = 20 V, use SPICE methods to determine the average value of i(/p), the rms value of 
iJ), and the average value of power (Po) supplied to R. 


a 
Pa 
ra, R=1092 


Fig. 1-12 


The netlist code below describes the circuit. Notice that the two sources have been combined as a 10V 
sinusoidal source with a 20-V dc bias. The frequency has been arbitrarily chosen as 100 Hz as the solution is 
independent of frequency. 
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Ex1_13.CIR- Avg & rms current, avg power 
vsVB 10 SIN(20V 10V 100Hz 0 0 -30deg) 
R 10 100hm 


.- PROBE 
- TRAN 5us 10ms 
- END 


The Probe feature of PSpice is used to display the instantaneous values of i(f) and pr(t). The running average 
and running RMS features of PSpice have been implemented as appropriate. Both features give the correct full- 
period values at the end of each period of the source waveform. Figure 1-13 shows the marked values as J) = 2.0A, 
1 =2.1213A, and Py = 45.0 W. 


(2.1213 A) 


(45.0 W) 


a AVG(V(1)*I(R)) © V(1)* I(R) 
Time 


Fig. 1-13 


Solved Problems 


1.1. Prove that the inductor element of Fig. 1-1(4) is a linear element by showing that (/.2) satisfies the 
converse of the superposition theorem. 


Let i, and i, be two currents that flow through the inductors. Then by (/.2) the voltages across the 
inductor for these currents are, respectively, 


vy = Lb and vy) = L (1) 


16 


1.2 


1.3 
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Now suppose i = kyi, + yin, where k,; and k, are distinct arbitrary constants. Then by (/.2) and (J), 
dt 


1 
va Loki t kin) =kL =kv, t kyv> (2) 


dt 


Since (2) holds for any pair of constants (k,, ky), superposition is satisfied and the element is linear. 


If R, =5Q, Ro = 10Q, V, = 10V, and J, = 3A in the circuit of Fig. 1-14, find the current 7 by 
using the superposition theorem. 


Fig. 1-14 


With J, deactivated (open-circuited), KVL and Ohm’s law give the component of i due to V, as 


V. 10 
/ s 0.667 A 
‘Spam sa 


With lV’, deactivated (short-circuited), current division determines the component of 7 due to J,: 


7 R, 5 
1 


— | 3=1A 
Ri, +R, * 5+10 


By superposition, the total current is 


i=i'+i" =0.667+1=1.667A 


In Fig. 1-14, assume all circuit values as in Problem 1.2 except that Ry = 0.257Q. Determine the 
current i using the method of node voltages. 


By (/./), the voltage-current relationship for R, is 
Uap = Roi = (0.25i)(i) = 0.2577 
so that i= 2,/Uap (1) 


Applying the method of node voltages at a and using (/), we get 
- VJ, 
seo Jay — I, =0 
R 
Rearrangement and substitution of given values lead to 


Uap + 10./vgp — 25 = 0 


Letting x° = v,, and applying the quadratic formula, we obtain 


—10 + ,/(10)? — 4(—25 
oy = 5071 


5) or — 12.071 


x= 


The negative root is extraneous, since the resulting value of v,, would not satisfy KVL; thus, 


gp = (2.071) =4.289V and = i=2x2.071=4.142A 
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Notice that, because the resistance R, is a function of current, the circuit is not linear and the superposition 
theorem cannot be applied. 


1.4 For the circuit of Fig. 1-15, find v,, if (@ k=0and (6) k=0.01. Do not use network 
theorems to simplify the circuit prior to solution. 


(a) 


(0) 


OM -¢ 5002 @ 


R,,= 1002 


@ a 
rd 
@ 100 Q Uap 
100i 
b 


Fig. 1-15 


For k = 0, the current i can be determined immediately with Ohm’s law: 


10 
ji —-—_=0.02A 
i 500 0.0 
Since the output of the controlled current source flows through the parallel combination of two 100-Q 
resistors, we have 


(100)(100) _ 


ap = —(1001)(100I]100) = —100 x 0.02 T5959 = 


—100V (1) 


With k # 0, it is necessary to solve two simultaneous equations with unknowns i and v,,. Around the 
left loop, KVL yields 


0.01ug, + 500i = 10 (2) 
With i unknown, (/) becomes 
Ugh + 50007 = 0 (3) 
Solving (2) and (3) simultaneously by Cramer’s rule leads to 
| 10 500 | 
5000 
— 0 sa ~ BD ae 
1 5000 


1.5 For the circuit of Fig. 1-15, use SPICE methods to solve for u,, if (a) k=0.001 and 
(b) k =0.05. 


(a) The SPICE netlist code for k = 0.001 follows: 


Prb.1_5.CIR 
Vs 10DC 10V 
R112 5000hm 
E 20 (3,0) 0.001 ; Last entry is value of k 
F 03Vs 100 


R2 30 1000hm 
RL 3 0 1000hm 
-DCVs 10101 
-PRINT DC V(3) 
- END 


Execute <Prb1_5.CIR> and poll the output file to find v,, = V(3) = —101 V. 
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(b) Edit <Prb1_5.CIR> 
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vp = V(3) = —200V. 


Fig. 1-16 


(a) With v) and v,, as unknowns and summing currents at node c, we obtain 


U2 — Us U2 U2 — Vab Bi = 0 
R Ry R; 


But i= 3 


Substituting (2) into (/) and rearranging gives 


Les il 1 l-a 
R R r R; U2 R; Vab R Us 


Now, summation of currents at node a gives 


Vab — V2 
R; Ry 


Substituting (2) into (4) and rearranging yields 


1 a 2 1 x 1 a 
R; R U2 R; R, Vab = Ri Us 


Substitution of given values into (3) and (5) and application of Cramer’s rule finally yield 


| 2.1 0.10, 
0.1 0.9v,} 1.90, 
= — = ~ = ().8597 
me ti ={| ~ 221 * 
-0.1 1.1 
and by Ohm’s law, 
. Vah  0.8597v, 
=“ = —_— = 0.08597 A 
ip R, 10 0.0: Us 


(b) With the given values (including a = 0) substituted into (3) and (5), Cramer’s rule is used to find 


| 3 vs 
-1 
0} _ % _ 9.4340, 


oan: ae ee 
a Fl 


[CHAP. 1 


to set k=0.05, execute the code, and poll the output file to find 


For the circuit of Fig. 1-16, find 7, by the method of node voltages if (a) a=0.9and (b) a=0. 


() 


(2) 


(3) 


(4) 


(5) 
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Then i, is again found with Ohm’s law: 


_ Vay _ 0.43480, 


= = 0.04348 A 
R, 10 0.0 Us 


L 


1.7 If V,;=10V, %=15V, Rj =4Q, and R, = 6Q in the circuit of Fig. 1-17, find the Thévenin 
equivalent for the network to the left of terminals a, d. 


Fig. 1-17 


With terminals a, b open-circuited, only loop current J flows. Then, by KVL, 
Vi = TR, — V> + IR) 


Vi-V> 10-15 
“Ri +R 446 — 


so that I 0O5A 


The Theévenin equivalent voltage is then 


Vin = Vap = Vi — FR, = 10 — (—0.5)(4) = 12V 


Deactivating (shorting) the independent voltage sources V; and V> gives the Thévenin impedance to the left 
of terminals a, b as 


RR, _ (4)(6) | 


2.4Q 
R, + Ro 4+6 


Zon = Rr = Ryl|Ro = 


Vr, and Z7,, are connected as in Fig. 1-4(b) to produce the Thévenin equivalent circuit. 


1.8 For the circuit and values of Problem 1.7, find the Norton equivalent for the network to the left of 
terminals a, b. 


With terminals a, b shorted, the component of current J,, due to V; alone is 


V, 10 
Lip = z 4 =2.5A 
Similarly, the component due to V alone is 
V, 15 
p= =—=25A 
R, 


Then, by superposition, 
Ty = Lap = Ky = Ts = 2.5 0 25=5A 
Now, with R7, as found in Problem 1.7, 


1 1 
=— =~ =04167A 
” ea q 


Iy and Yy are connected as in Fig. 1-4(c) to produce the Norton equivalent circuit. 
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For the circuit and values of Problems 1.7 and 1.8, find the Thévenin impedance as the ratio of 
open-circuit voltage to short-circuit current to illustrate the equivalence of the results. 


The open-circuit voltage is V7, as found in Problem 1.7, and the short-circuit current is 7y from 
Problem 1.8. Thus, 


which checks with the result of Problem 1.7. 


Thévenin’s and Norton’s theorems are applicable to other than dc steady-state circuits. For the 
“frequency-domain” circuit of Fig. 1-18 (where s is frequency), find (a) the Thévenin equivalent 
and (b) the Norton equivalent of the circuit to the right of terminals a, b. 


Fig. 1-18 


(a) With terminals a,b open-circuited, only loop current /(s) flows; by KVL and Ohm’s law, with all 
currents and voltages understood to be functions of s, we have 


T= V> = Vi 
~ sL+1/sC 


Now KVL gives 


sL(V_—V1)_ Vi +8" LCV, 
sL+ 1/sC eLC+l 


Vin =" ab = Vi + sLI Vi + 


With the independent sources deactivated, the Thévenin impedance can be determined as 


sL(/sC) ss 
sL+1/sC sPLC+1 


1 
Zm = SL = 
Th Ss I sC 


(b) The Norton current can be found as 


V, +s°LCV, 
a ee 2 
h= Vin = PLC+1 _ Vi +s LCV, 
\ Zn sh sL 
PLC+1 


and the Norton admittance as 


1 sLC+1 


Yy=—— 
en sL 


Determine the z parameters for the two-port network of Fig. 1-19. 
For J, = 0, by Ohm’s law, 


L= yi ov 
““"10+6 16 
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1.12 


qy 4 b 102 e 5b @® 


Fig. 1-19 


Also, at node b, KCL gives 


Vy 
[Apa ea ey oe 
1 a 16 


Thus, by (/./0), 
Vi 16 


2,=— = — = 12.3082 
ne yee 
Further, again by Ohm’s law, 
he 
te 6 
Substitution of (2) into (/) yields 
V2 
=13= 
, 6 
so that, by (/./2), 
Ape? a) 2 agie6 
T|,20 13 


Now with 7; = 0, applying KCL at node a gives us 
h=1,4+03,= 1.31, 
The application of KVL then leads to 


31 
Vy = V2 — (10)(0.34,) = 61, — 3y = 3a =F : 


so that, by (/.//), 


413 = 73 


= = = 2.308 Q 
hij-0 13 


Now, substitution of (2) in (3) gives 
V3 
= 1.3%, = 13 = 
2 a 6 
Hence, from (/./3), 
V3 6 


=| =~ =46159 
ames | roan Fe 


Solve Problem 1.11 using a SPICE method similar to that of Example 1.9. 
The SPICE netlist code is 


21 


WY) 


(2) 


(3) 
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Prbl_12.CIR z-parameter evaluation 
- PARAM Ilvalue=1mA I2value=0mA 
I101AC {Ilvalue} 

F 1OVBO.3 

R112 100hm 

VB 23 0V ; Current sense 


R230 60hm 

I202AC {I2value} 

-DC 110 1mA 1mA 12 1mA 0 1mA ; Nested loop 
PRINT DC V(1) I(I1) V(2) I(12) 

- END 


A nested loop is used in the .DC statement to eliminate the need for two separate executions. As a 
consequence, data is generated for /1 = J2 = 1mA and J1 = /2 = 0, which is extraneous to the problem. 

Execute <Prb1_12.CIR> and poll the output file to obtain data to evaluate the z parameters by use of 
(1.10) to (.13). 


UN _ VA) TBO ane 
Mra p | 3s = FD) ty ae LO 
pata 2760) _ 2308 x 107 _ 5 398.0 
= h 1,=0 7 I(12) 1(1\)=0 = 1x 10-3 he 
V v2 4.615 x 10° 
gee) ae sae Sa 6i5e 
Qi |n=0 101) Iray=o 1x 10 
_ _k| _ VQ _ 4.615 x ae 
ey | ios, = 1D) ee ERO 


Determine the / parameters for the two-port network of Fig. 1-19. 
For V, = 0, J, = 0; thus, 7, = V,;/10 and, by (/./6), 


Vy 
hy=— = 102 
an va 


Further, 4 = —/, and, by (/./8), 


Now, J, = ¥2/6. With J, = 0, KVL yields 


Vo 1 
V, = V> — 10(0.3/,) = V> — 10(0.3) Z =5" 


and, from (J./7), 


Finally, applying KCL at node a gives 
V. 
h=1,+031,= 13-2 


so that, by (1.19), 


L 1.3 
hy = = — = 0.21678 
22 ; bg 6 
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1.14 Use (7.8), (/.9), and (1.16) to (J./9) to find the / parameters in terms of the z parameters. 
Setting V, = 0 in (7.9) gives 


0 = 210, + Za21y o =h=-41 (/) 
222 
from which we get 
L Zz 
hy => f = eal, 
Ti |y,=0 209 


Back substitution of (/) into (/.8) and use of (/./6) give 


Vy 


| = 
M1 fa 


Now, with /, = 0, (/.8) and (7.9) become 


Vi =2\2/) and Vy = Zo 
so that, from (/./7), 


Vy Z\2 
hy = = 
Va\n=0 222 
and, from (/./9), 
hy V = 
2In20 2n!2 2 


1.15 The / parameters of the two-port network of Fig. 1-20 are 4, = 100 Q, Aj, = 0.0025, hy, = 20, 


and iy, =1mS. Find the voltage-gain ratio V>/V,. 


1kQ 41 h 


Two-port 
y wo-por 


network hake 


Fig. 1-20 


By Ohm’s law, 5 = —V>/R_,, so that (/./5) may be written 


Vy 


—-—=h=hyl thy. 
R, 2 = Mgt) + MV 


Solving for /; and substitution into (/./4) give 


—(1/R h 
Vi =hy dL thy, = ( mut 22) Voling + NyV2 
21 


which can be solved for the voltage gain ratio: 


an 1 7 1 7 
Vi Ing — (y/o) /R, + hi) 0.0025 — (100/20)(1/2000 + 0.001) 


—200 
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Determine the Théevenin equivalent voltage and impedance looking right into port 1 of the circuit 


of Fig. 1-20. 
The Thévenin voltage is V; of (.8) with port 1 open-circuited: 
Vin = Viln=o = Z12!2 

Now, by Ohm’s law, 

Vy =—-Rib 
But, with 7, = 0, (1.9) reduces to 

Vy = 2y91y 
Subtracting (2) from (3) leads to 

(222 + Rp)b = 0 


Since, in general, z>, + R, 4 0, we conclude from (4) that 4 = 0 and, from (/), V7, = 0. 
Substituting (2) into (/.8) and (7.9) gives 


VietiPigsivas FOV 
LS 41141 FW 41242: 41141 2 


and Vo = 29\N + Zo2h = 2911) 


V, is found by solving for Vz and substituting the result into (5): 


2122721 
VY, = 2) -————_ 
Zo + Ry 
Then Z7;, is calculated as the driving-point impedance V,/J;: 
Van Vy 212791 
Zrn - Zu 
In Nh Zo + Ry 


WY) 


(2) 


(3) 


(4) 


(5) 


(6) 


Find the Thévenin equivalent voltage and impedance looking into port | of the circuit of Fig. 
1-20 if R; is replaced with a current-controlled voltage source such that V, = BJ, where B is a 


constant. 
As in Problem 1.16, 
Vin = Viln=o = 22212 
But if 7; = 0, (7.9) and the defining relationship for the controlled source lead to 
Vn = pl =0=2zyh 


from which J, = 0 and, hence, V7; = 0. 


Now we let V; = Va, so that J; = Ig, and we determine Z7, as the driving-point impedance. 


(1.8), (1.9), and the defining relationship for the controlled source, we have 
Vi. = Vay = 211 Lap t+ 21212 
Vo = Bly = 221 Lqy + 22212 


Solving (2) for /; and substituting the result into (/) yields 


Vv ae B-zm , 
dp = 7114 dp T 712 dp 


222 


from which Thévenin impedance is found to be 


Zz = Ve 711222 + 242(B — 201) 
Th 1 if 
dp 209 


From 


WY) 
(2) 
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1.18 The periodic current waveform of Fig. 1-21 is composed of segments of a sinusoid. Find (a) the 
average value of the current and (b) the rms (effective) value of the current. 


Fig. 1-21 


(a) Because i(t) = 0 for 0 < wt <a, the average value of the current is, according to (/.20), 


t= 
m So - jot=a 1 


1 {7 I, I, 
h=- | I, sin ot d(wt) = [— cos wtf,_4 = —" (1 + cos @) 
(b) By (/.2/) and the identity sin” x = 4(1 — cos 2x), 
2 


P= : | F, sin?(wt) d(ot) = In | (1 — cos 2wf) d(wt) 


Qa 20 a 
6 1 i ir 1 
= ae [ow a 5sin 2a] ie = (« —at a sin 2a) 
mz—at4sin2a 
so that l=I, 2 


20 


1.19 Assume that the periodic waveform of Fig. 1-22 is a current (rather than a voltage). Find 
(a) the average value of the current and (b) the rms value of the current. 


v,V 


0 37 T aT 


Fig. 1-22 


(a) The integral in (/.20) is simply the area under the f(t) curve for one period. We can, then, find the 
average current as 


(5) Similarly, the integral in (/.2/) is no more than the area under the f7() curve. Hence, 


1/5.T »T\]'? 
r=|—(4—41 =425A 
r(* 2+") 
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Calculate the average and rms values of the current i(f) = 4+ 10sinwtA. 


Since i(¢) has period 27, (1.20) gives 


27 
h= ae | (4+ 10sinwt) d(wt) = as [4et — 10 cos wf") =4A 
2m Jo 20 


This result was to be expected, since the average value of a sinusoid over one cycle is zero. 
Equation (/.2/) and the identity sin? x = x( — cos 2x) provide the rms value of i(f): 


1 27 1 27 
P=— | (4+ 10sin wt) d(wt) = — | (16 + 80 sin wt + 50 — 50 cos 2) d(wt) 
Qn 0 Qn 0 
Qn 
— By 6 — 80cos wt — 2 sin 2a] = 66 
Iv 2 ot=0 


so that J = /66 = 8.125A. 


Find the rms (or effective) value of a current consisting of the sum of two sinusoidally varying 
functions with frequencies whose ratio is an integer. 


Without loss of generality, we may write 
i(t) = I, coswt + I, cos kat 
where k is an integer. Applying (1.21) and recalling that cos? x = 5( +cos2x) and cosxcosy = 


S[cos(x + y) + cos(x — y)], we obtain 


1 2m 
P= om | (1, cos wt + 1, cos kot) d(wt) 
T Jo 


2 2 2 
= > | [4 (1 + cos 2af) 4 2 (1 + cos 2kwt) + I, b[cos(k + lot + cos(k — lat] } d(wt) 
Hr Jo 


Performing the indicated integration and evaluating at the limits results in 


Find the average value of the power delivered to a one-port network with passive sign convention 
(that is, the current is directed from the positive to the negative terminal) if v(t) = V,,, cos wt and 
i(t) = I, cos(wt + 6). 


The instantaneous power flow into the port is given by 


P(t) = v(1)i(t) = Vil, COS wt cos(wt + 6) 
= $V n1,[cos(2wt + 0) + cos 6] 


By (1.20), 


1 20 V, 20 
Py=— | pijdt=—" I, | [cos(2wt + 0) + cos 6] d(wt) 
20 0 4a 0 


After the integration is performed and its limits evaluated, the result is 


VL, | orae 
mm cosé m —™ cosé = VI cosé 


J aes 


Po= 
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1.23 


1.24 


1.25 


1.26 


1.27 


1.28 


1.29 


Supplementary Problems 


Prove that the capacitor element of Fig. 1-1(c) is a linear element by showing that it satisfies the converse of 
the superposition theorem. (Hint: See Problem 1.1.) 


Use the superposition theorem to find the current i in Fig. 1-14 if Rj = 5Q, Ry = 10Q, V, = 10 cos 2rV, and 
I, = 3cos(3t+7/4)A. Ans. i= 0.667 cos 2t + cos(3t+ 7/4) A 


In Fig. 1-23, (a) find the Thévenin equivalent voltage and impedance for the network to the left of 
terminals a,b, and (b) use the Thévenin equivalent circuit to determine the current /;. 
Ans. (a) Vin =V\— Ro, Zr = Ri + Ros (6) Ip = (Vi — Ry) /(Ri + Ry t+ Rx) 


Fig. 1-23 


In the circuit of Fig. 1-18, V,; = 10cos2tV, Vz = 20cos2tV, L=1H,C=1F, and the load is a 1-Q 
resistor. (a) Determine the Thévenin equivalent for the network to the right of terminals a,b. (b) Use 
the Thévenin equivalent to find the load current Z,. (Hint: The results of Problem 1.10 can be used here with 
s=j2.) Ans. (a) Vr, = 23.33320° V, Zp, = —j0.667Q; (db) I, = 19.4233.69° A. 


In Fig. 1-24, find the Thévenin equivalent for the bridge circuit as seen through the load resistor R,. 
Ans. Vy = Vp Ry R3 — Ry R4)/(Ry + Ro)(R3 + Ra), Zim = Ry Ro/(Ry + R3) + Ro Ry/(Ro + Ry) 


Fig. 1-24 


Suppose the bridge circuit in Fig. 1-24 is balanced by letting Rj = R, = R; = Ry = R. Find the elements of 
the Norton equivalent circuit. Ans. Iy =0, Yy =1/R 


Use SPICE methods to determine voltage v,, for the circuit of Fig. 1-24 if V, = 20 V, R; = 10Q, R; = 1Q, 
Ry =2Q, R3 =3Q, and Ry =4Q. (Netlist code available at author download site.) 
Ans. Vg = V(2, 3) = 1.538 V 
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For the circuit of Fig. 1-25, (a) determine the Thévenin equivalent of the circuit to the left of terminals a, b, 
and (b) use the Thévenin equivalent to find the load current i,. 
Ans. (a) Vr, = 120V, Zm, = 202; (6) ip =4A 


Apply SPICE methods to determine load current i, for the circuit of Fig. 1-25 if (a) the element values are 
as shown and (4) the VCCS has a value of 0.5v,, with all else unchanged. (Netlist code available at author 
download site.) Ans. (a) i, =4A; (6) ip =-6A 


In the circuit of Fig. 1-26, let Rj = Ry = Rc = 1Q and find the Thévenin equivalent for the circuit to the 
right of terminals a,b (a) if ve = 0.5i, and (4) if ve = 0.5i. 
Ans. (a) Vin = 0, Zm = Rm = 1.75 Q; (b) Vin = 0, Zm = Rm = 1.667 


Find the Thévenin equivalent for the network to the left of terminals a,b in Fig. 1-15 (a) if k= 0, and 
(b) ifk =0.1. Use the Thévenin equivalent to verify the results of Problem 1.4. 
Ans. (a) Vin = —200 V, ZTh => Rr, = 100 Q; (b) Vip = —250 V, Zth = Rr, = 1252 


Find the Thevenin equivalent for the circuit to the left of terminals a, b in Fig. 1-16, and use it to verify the 
results of Problem 1.6. Ans. Vr, =4(1 +@)v,, Zr, = Rrn =43—@Q 


An alternative solution for Problem 1.3 involves finding a Thévenin equivalent circuit which, when con- 
nected across the nonlinear Ry = 0.25i, allows a quadratic equation in current 7 to be written via KVL. Find 
the elements of the Thévenin circuit and the resulting current. 

Ans. Vay, = 25V, Zr, = Rm =52,1=4.142A 


Use (1.10) to (1.15) to find expressions for the z parameters in terms of the / parameters. 
Ans. 24) = hy, — Aygha1/ha2, 212 = My2/ho, 221 = hai /hap, 222 = lf/hy 
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1.37 


1.38 


1.39 


1.40 


1.41 


1.42 


1.43 


1.44 


1.45 


For the two-port network of Fig. 1-20, (a) find the voltage-gain ratio V,/V, in terms of the z parameters, 
and then (b) evaluate the ratio, using the h-parameter values given in Problem 1.15 and the results of 
Problem 1.36. Ans. (a) 29 Rp /(21, Rt + 211222 — 21221); (b) = 200 


Find the current-gain ratio /,/J,; for the two-port network of Fig. 1-20 in terms of the / parameters. 
Ans. hy, /( + hy Rz) 


Find the current-gain ratio /,/J,; for the two-port network of Fig. 1-20 in terms of the z parameters. 
Ans. = 291 /(Z29 - Ry) 


Determine the Thévenin equivalent voltage and impedance, in terms of the z parameters, looking right into 
port | of the two-port network of Fig. 1-20 if R,; is replaced with an independent dc voltage source V4, 
connected such that V, = Va. Ans. Vn =Z12 Va/Zn, Zr = (211229 = 212291) /Z22 


Find the Thévenin equivalent voltage and impedance, in terms of the / parameters, looking right into port 1 
of the network of Fig. 1-20 if R;, is replaced with a voltage-controlled current source such that 4 = —aV;, 
where a > 0 and the / parameters are understood to be positive. 

Ans. Vin, = 0, Zr = (hyihag — Myzho1)/(haz + ah 12) 


Determine the driving-point impedance (the input impedance with all independent sources deactivated) of 
the two-port network of Fig. 1-20. Ans. (24, Rp + 211222 — 212221) /(Z22 + Ry) 


Evaluate the z parameters of the network of Fig. 1-16. 
Ans. Z11 2Q, Z12 1Q, 29 a + 1Q, 2. =2Q 


Find the current i, in Fig. 1-3 if a= 2, R; = Ry = R3 = 1Q0,V, = 10V, and v, = 10sinawrt V. 
Ans. —2A 


For a one-port network with passive sign convention (see Problem 1.22), v=V,,cosw@tV and 
i=I,+,cos(a@t+6)A. Find (a) the instantaneous power flowing to the network and (b) the average 
power to the network. = Ans. (a) Vint) cos@t +5 V,,h[cos2at + 6) +cos6];  (b) 5 Vint cos 0 


Semiconductor Diodes 


2.1. INTRODUCTION 


Diodes are among the oldest and most widely used of electronic devices. A diode may be defined as 
a near-unidirectional conductor whose state of conductivity is determined by the polarity of its terminal 
voltage. The subject of this chapter is the semiconductor diode, formed by the metallurgical junction of 
p-type and n-type materials. (A p-type material is a group-IV element doped with a small quantity of a 
group-V material; n-type material is a group-IV base element doped with a group-III material.) 


2.2. THE IDEAL DIODE 


The symbol for the common, or rectifier, diode is shown in Fig. 2-1(a). The device has two terminals, 
labeled anode (p-type) and cathode (n-type), which makes understandable the choice of diode as its name. 
When the terminal voltage is nonnegative (vp > 0), the diode is said to be forward-biased or ‘“‘on’’; the 
positive current that flows (ip > 0) is called forward current. When vp <0, the diode is said to be 
reverse-biased or “‘off,’’ and the corresponding small negative current is referred to as reverse current. 


ip D (D-~) Dp 


Anode z = Cathode — 
* Mum  _ @&) 


(a) () 


Fig. 2-1 


The ideal diode is a perfect two-state device that exhibits zero impedance when forward-biased and 
infinite impedance when reverse-biased (Fig. 2-2). Note that since either current or voltage is zero at any 
instant, no power is dissipated by an ideal diode. In many circuit applications, diode forward voltage 
drops and reverse currents are small compared to other circuit variables; then, sufficiently accurate 
results are obtained if the actual diode is modeled as ideal. 

The ideal diode analysis procedure is as follows: 


Step 1: Assume forward bias, and replace the ideal diode with a short circuit. 
Step 2: Evaluate the diode current ip, using any linear circuit-analysis technique. 


Step 3: If ip = 0, the diode is actually forward-biased, the analysis is valid, and step 4 is to be omitted. 
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Ip 


——- D 
-—_—_—_———_——— Forward-biased 
+ Upjp=0 = 
: ; zero 
; infinite impedance 
impedance ip=0 
—_—_——, —_— D 
° @ Reverse-biased 
"D op Up<0 = 
(a) Terminal characteristics (b) Circuit models 


Fig. 2-2 Ideal diode 


Step 4: If ip <0, the analysis so far is invalid. Replace the diode with an open circuit, forcing ip = 0, 
and solve for the desired circuit quantities using any method of circuit analysis. Voltage vp 
must be found to have a negative value. 


Example 2.1. Find voltage v, in the circuit of Fig. 2-3(a), where D is an ideal diode. 
The analysis is simplified if a Thévenin equivalent is found for the circuit to the left of terminals a, b; the result is 


Se, dd  Zm=—Rm —RillRs = aa Bs 
Vv UV an _ 

Th R i Rs Ss Th Th 1 S R ; Rs 
Rs ip D 


(a) 


Fig. 2-3 


Step 1: After replacing the network to the left of terminals a, b with the Thévenin equivalent, assume forward bias 
and replace diode D with a short circuit, as in Fig. 2-3(5). 


Step 2: By Ohm’s law, 


— UTh 
> Rm + Rp 
Step 3: If us => 0, then ip > 0 and 
vy = ipR, = — UTh 
Ri + Rr, 


Step 4: If vs < 0, then ip < 0 and the result of step 3 is invalid. Diode D must be replaced by an open circuit as 
illustrated in Fig. 2-3(c), and the analysis performed again. Since now ip = 0, v, =ipR, =0. Since 
Up = Us < 0, the reverse bias of the diode is verified. 


(See Problem 2.4 for an extension of this procedure to a multidiode circuit.) 
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2.3. DIODE TERMINAL CHARACTERISTICS 


Use of the Fermi-Dirac probability function to predict charge neutralization gives the static (non- 
time-varying) equation for diode junction current: 


ip =1,(e/""7 -1) A (2.1) 


where V; =kT/q, V 
Up = diode terminal voltage, V 
I, = temperature-dependent saturation current, A 
T = absolute temperature of p-n junction, K 
¢ = Boltzmann’s constant (1.38 x 10-77 J/K) 
q = electron charge (1.6 x 107!? C) 
n = empirical constant, | for Ge and 2 for Si 


Example 2.2. Find the value of Vy in (2./) at 20°C. 
Recalling that absolute zero is —273°C, we write 


” kT (1.38 x 10773)(273 + 20) 
er a 1.6 x 10-2 


= 25.27mV 


While (2./) serves as a useful model of the junction diode insofar as dynamic resistance is concerned, Fig. 2-4 
shows it to have regions of inaccuracy: 


ip, mA 


{ Calculated from (2. /) 


Measured 


I 
! 
! 


Up, V 


Avalanche 
region 
—ip, WA 


Fig. 2-4 


1. The actual (measured) forward voltage drop is greater than that predicted by (2./) (due to ohmic resistance 
of metal contacts and semiconductor material). 


2. The actual reverse current for —Vp < vp < 0 is greater than predicted (due to leakage current J; along the 
surface of the semiconductor material). 


3. The actual reverse current increases to significantly larger values than predicted for vp < —Vp (due toa 
complex phenomenon called avalanche breakdown). 


In commercially available diodes, proper doping (impurity addition) of the base material results in distinct static 
terminal characteristics. A comparison of Ge- and Si-base diode characteristics is shown in Fig. 2-5. If 
—Vp < Up < —0.1 V, both diode types exhibit a near-constant reverse current Ip. Typically, 1 wA < Ip < 500 UA 
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ip, mA 


I Region of 

J low-resistance 
| conduction 
Tp = 1, + Is (Ge) 


Ip =I, + Is (Si) 


Fig. 2-5 


for Ge, while 1073 uA <I < 1 yA for Si, for signal-level diodes (forward current ratings of less than 1A). Fora 
forward bias, the onset of low-resistance conduction is between 0.2 and 0.3 V for Ge, and between 0.6 and 0.7 V for Si. 

For both Si and Ge diodes, the saturation current /, doubles for an increase in temperature of 10°C; in other 
words, the ratio of saturation current at temperature 7, to that at temperature 7) is 


(o)2 _ 4(7,—T))/10 
odo _ ae-1, a 
(1), ( ) 


Example 2.3. Find the percentage increase in the reverse saturation current of a diode if the temperature is 
increased from 25°C to 50°C. 
By (2.2), 


Uo)a _ 150-2910 5. 109% = 565.7% 
()1 
Static terminal characteristics are generally adequate for describing diode operation at low 

frequency. However, if high-frequency analysis (above 100 kHz) or switching analysis is to be per- 
formed, it may be necessary to account for the small depletion capacitance (typically several picofarads) 
associated with a reverse-biased p-n junction; for a forward-biased p-n junction, a somewhat larger 
diffusion capacitance (typically several hundred picofarads) that is directly proportional to the forward 
current should be included in the model. (See Problem 2.25.) 


2.4. THE DIODE SPICE MODEL 


The element specification statement for a diode must explicitly name a model even if the default 
model parameters are intended for use. The general form of the diode specification statement is as 
follows, where the model name is arbitrarily chosen: 


D---njn) model name 


Node 7 is the anode and node nj is the cathode of the diode. Positive current and voltage directions are 
clarified by Fig. 2-1(d). 

In addition, the MODEL control statement must be added to the netlist code even if the default 
parameters are acceptable. This control statement is 


-MODEL model name D (parameters) 
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If the parameters field is left blank, default values are assigned. Otherwise, the parameters field contains 
the number of desired specifications in the format parameter name = value. Specific parameters that are 
of concern in this book are documented by Table 2-1. 


Table 2-1 


Parameter Description Reference Default 


Is saturation current I, of (2.1) 1x 107" 


n emission coefficient n of (2.1) 


reverse breakdown voltage | Vp of Fig. 2-4 


reverse breakdown current | Jp of Fig. 2-4 


ohmic resistance Section 2.3 


Example 2.4. The circuit of Fig. 2-6(a) can be used to determine the static characteristic of diode D provided that 
the ramp of source v, spans sufficient time so that any dynamic effects are negligible. Let source v, ramp from —5 V 
to 5V over a span of 2s. Use SPICE methods to plot the silicon diode static characteristic (a) if the diode is 
nonideal with a voltage rating of Vp = 4V and (b) if the diode is ideal. 


1(0.52 V,2.2 mA) 


1 1 i 
t i 
t t I t 
t 1 1 1 
t 1 I ' 
1 { 1 1 
oa { 1 t 
t i) 1 t 
1 1 i 1 
: Nonideal f é ‘ 
f 1 1 1 
f 4 1 1 
t 1 i i] 
| ( t oy es ' 
(-4 V,-15 uA) ! ; ( 5 Vv, 5 PA) i 
1 i t 
OA4 OA } 
1 i t 1 
4 4 1 ( 
1 1 1 t 
i i 
-1.0 mMA+------------------ I -1.0 mMA+------------------ | 
-5.0V 1.0V -5.0V 1.0V 

a I(D) o I(D) 

V(1)-V(2) V1) -V (2) 
(b) (c) 
Fig. 2-6 


(a) The SPICE netlist code below describes the nonideal diode for a typical saturation current J; = 15uA. An 
emission coefficient n = 4 > 2 has been used to yield a typical forward voltage drop for a silicon diode. 


Ex2_4.CIR - Diode static characteristic 
vs 10 PWL (0s -5V 2s 5V) 

D 12 DMOD 

R 20 2kohms 

. MODEL DMOD D(n=4 Is=15uA BV=4) ; Nonideal 


* MODEL DMOD D(n=0.0001) ; Ideal 
.- TRAN .lus 2s 

. PROBE 

. END 
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After executing <Ex2_4.CIR>, I(D) is plotted with the x-axis variable changed from time to 
Up = VU) — V(2) = VC, 2) giving the static diode characteristic of Fig. 2-6(d). 

(b) Edit <Ex2_4.CIR> to move the asterisk preceding the second .MODEL statement to the first MODEL 
statement, thereby preparing for the ideal diode analysis. Setting the emission coefficient parameter (7) to a small 
value ensures a negligibly small forward voltage drop. Execute <Ex2_5.CIR> and plot the result as in part (a) to 
give the static characteristic of Fig. 2-6(c). Inspection of the marked points on the curve shows that the diode is 
approaching the ideal case of negligible reverse current and negligible forward voltage drop. 


2.5. GRAPHICAL ANALYSIS 


A graphical solution necessarily assumes that the diode is resistive and therefore instantaneously 
characterized by its static ip-versus-vp curve. The balance of the network under study must be linear so 
that a Thévenin equivalent exists for it (Fig. 2-7). Then the two simultaneous equations to be solved 
graphically for ip and vp are the diode characteristic 


in =fi(vp) (2.3) 
and the /oad line 


; 1 UTh 
ip = fo(vp) = +7 


Up t 
Rn, Rr, 


(2.4) 


Vrn!/R rp 


Diode characteristic 


Thévenin 
equivalent 
of balance 
of network 


Load line 


0.75 


Fig. 2-7 Fig. 2-8 


Example 2.5. In the circuit of Fig. 2-3(a), v, = 6 V and R; = Rs = R, = 500Q. Determine ip and vp graphically, 
using the diode characteristic in Fig. 2-8. 
The circuit may be reduced to that of Fig. 2-7, with 


R 500 
= 6=3V 
"Th RE Rs 500-4 500 
(500)(500) 
and RS Rite = 500 = 750.2 
an Th Rs + Ry 5004+ 500 * 0 0 


Then, with these values the load line (2.4) must be superimposed on the diode characteristic, as in Fig. 2-8. The 
desired solution, ip = 3mA and vp = 0.75 V, is given by the point of intersection of the two plots. 


Example 2.6. If all sources in the original linear portion of a network vary with time, then v7, is also a time- 
varying source. In reduced form [Fig. 2-9(a)], one such network has a Theévenin voltage that is a triangular wave 
with a 2-V peak. Find ip and vp for this network. 
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Rr, = 50 Q 


UTh 


(a) 


Diode characteristic 


Dynamic load line 
for v7,=2V 


In this case there is no unique value of ip that satisfies the simultaneous equations (2.3) and (2.4); rather, there 
exists a value of ip corresponding to each value that v7, takes on. An acceptable solution for ip may be found by 
considering a finite number of values of v7. Since v7;, is repetitive, ip will be repetitive (with the same period), so 
only one cycle need be considered. 

As in Fig. 2-9(b), we begin by laying out a scaled plot of v7, versus time, with the v7, axis parallel to the vp axis 
of the diode characteristic. We then select a point on the v7, plot, such as v7, = 0.5 V at t= ¢;. Considering time to 
be stopped at ¢ = ¢;, we construct a load line for this value on the diode characteristic plot; it intersects the vp axis at 
Un = 9.5V, and the ip axis at uvz;,/R7;, = 0.5/50 = 10mA. We determine the value of ip at which this load line 
intersects the characteristic, and plot the point (¢,, ip) on a time-versus-ip coordinate system constructed to the left 
of the diode characteristic curve. We then let time progress to some new value, ¢ = f,, and repeat the entire process. 
And we continue until one cycle of v7; is completed. Since the load line is continually changing, it is referred to as a 
dynamic load line. The solution, a plot of ip, differs drastically in form from the plot of v7, because of the 
nonlinearity of the diode. 
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Example 2.7. If both dc and time-varying sources are present in the original linear portion of a network, then v7, 
is a series combination of a dc and a time-varying source. Suppose that the Thévenin source for a particular 
network combines a 0.7-V battery and a 0.1-V-peak sinusoidal source, as in Fig. 2-10(a). Find ip and vp for the 
network. 

We lay out a scaled plot of v7, with the v7, axis parallel to the vp axis of the diode characteristic curve. We 
then consider v7, the ac component of v7, to be momentarily at zero (¢ = 0), and we plot a load line for this instant 


in=ig+Ipg 
—S 


V7, = 9.1 sin wt (V) 


Diode characteristic 
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on the diode characteristic. This particular load line is called the dc load line, and its intersection with the diode 
characteristic curve is called the quiescent point or Q point. The values of ip and vp at the Q point are labeled Jpg 
and Vpg, respectively, in Fig. 2-10(4). 

In general, a number of dynamic load lines are needed to complete the analysis of ip over a cycle of vz. 
However, for the network under study, only dynamic load lines for the maximum and minimum values of v7, are 
required. The reason is that the diode characteristic is almost a straight line near the Q point [from a to b in Fig. 
2-10(b)], so that negligible distortion of i,, the ac component of ip, will occur. Thus, i, will be of the same form as 
Um (i.e., Sinusoidal), and it can easily be sketched once the extremes of variation have been determined. The 
solution for ip is thus 


ip = Ipo + ig = Ing + Tam Sin ot = 36 + 8 sin at mA 


where J, is the amplitude of the sinusoidal term. 


2.6. EQUIVALENT-CIRCUIT ANALYSIS 


Piecewise-Linear Techniques 


In piecewise-linear analysis, the diode characteristic curve is approximated with straight-line 
segments. Here we shall use only the three approximations shown in Fig. 2-11, in which combinations 
of ideal diodes, resistors, and batteries replace the actual diode. The simplest model, in Fig. 2-11(a), 
treats the actual diode as an infinite resistance for vp < Vr, and as an ideal battery if vp tends to be 
greater than V;. V, is usually selected as 0.6 to 0.7 V for a Si diode and 0.2 to 0.3 V for a Ge diode. 

If greater accuracy in the range of forward conduction is dictated by the application, a resistor Rp is 
introduced, as in Fig. 2-11(b). If the diode reverse current (ip < 0) cannot be neglected, the additional 
refinement (Rp plus an ideal diode) of Fig. 2-11(c) is introduced. 


Small-Signal Techniques 


Small-signal analysis can be applied to the diode circuit of Fig. 2-10 if the amplitude of the ac signal 
Uqn is small enough so that the curvature of the diode characteristic over the range of operation (from b 
to a) may be neglected. Then the diode voltage and current may each be written as the sum of a dc 
signal and an undistorted ac signal. Furthermore, the ratio of the diode ac voltage vy to the diode ac 
current i, will be constant and equal to 


Ud 2V an = Upla — Uplp i= Avp 


ig 2am =~ ipla—inlp = Ai 


a dup 


=r, (2.5) 


where rz is known as the dynamic resistance of the diode. It follows (from a linear circuit argument) that 
the ac signal components may be determined by analysis of the ‘“‘small-signal’’ circuit of Fig. 2-12; if the 
frequency of the ac signal is large, a capacitor can be placed in parallel with r, to model the depletion or 
diffusion capacitance as discussed in Section 2.3. The dc or quiescent signal components must generally 
be determined by graphical methods since, overall, the diode characteristic is nonlinear. 


Example 2.8. For the circuit of Fig. 2-10, determine ip. 
The Q-point current Jpg has been determined as 36 mA (see Example 2.7). The dynamic resistance of the diode 
at the Q point can be evaluated graphically: 


Avp 0.37 — 0.33 
re = = 
“Rin 0.044 — 0.028 


2.52 


Now the small-signal circuit of Fig. 2.12 can be analyzed to find ij: 


UTh 0.1 sin wt 
Ry tre 1042.5 


iy =0.008sinwt A 


The total diode current is obtained by superposition and checks well with that found in Example 2.7: 


ip = Ipo + ig = 36+ 8sinat mA 
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(a) 


(b) 


Rr Ideal 


Ideal Rr Vp 


Fig. 2-11 


Fig. 2-12 
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Example 2.9. For the circuit of Fig. 2-10, determine ip if @ = 10° rad/s and the diffusion capacitance is known to 
be 5000 pF. 

From Example 2.8, rg = 2.5Q. The diffusion capacitance Cy acts in parallel with ry to give the following 
equivalent impedance for the diode, as seen by the ac signal: 

Es i ‘gq 2.5 
Zz . ber - — 
d rallixa ral lf =x) 1 + joCyrg I + j(10°)(5000 x 10-'7)(2.5) 
= 1.56[—51.34° = 0.974 — 1.218 


In the frequency domain, the small-signal circuit (Fig. 2-12) yields 


pa Von _ 0.1[—90° _ 0-11-90" 
4 Rm tZq  10+0.974—1.218  11.041|—6.33° 


= 0.0091 —83.67° A 


In the time domain, with Jpg as found in Example 2.7, we have 


ip = Ing + ig = 36 + 9.1 cos (10° — 83.67°) mA 


2.7. RECTIFIER APPLICATIONS 


Rectifier circuits are two-port networks that capitalize on the nearly one-way conduction of the 
diode: An ac voltage is impressed upon the input port, and a dc voltage appears at the output port. 

The simplest rectifier circuit (Fig. 2-13) contains a single diode. It is commonly called a half-wave 
rectifier because the diode conducts over either the positive or the negative halves of the input-voltage 
waveform. 


Rectifier 
a 


ree | 
Fig. 2-13 


Example 2.10. In Fig. 2-13, vs = V,,, sinwt and the diode is ideal. Calculate the average value of v,. 
Only one cycle of vs need be considered. For the positive half-cycle, ip > 0 and, by voltage division, 


Ri 


= aee eS (V,, sin ot) = V_,, sin wt 


UL 
For the negative half-cycle, the diode is reverse-biased, ip = 0, and v, = 0. Hence, 


2 


Vip = Z | v,(wt) d(ot) = 2 | Vim Sin ot d(wt) = Yim 
27 Jo 2m Jo WU 


Although the half-wave rectifier gives a dc output, current flows through R, only half the time, and the average 
value of the output voltage is only 1/7 = 0.318 times the peak value of the sinusoidal input voltage. The output 
voltage can be improved by use of a full-wave rectifier (see Problems 2.28 and 2.50). 

When rectifiers are used as dc power supplies, it is desirable that the average value of the output voltage remain 
nearly constant as the load varies. The degree of constancy is measured as the voltage regulation, 

_ (no-load V9) — (full-load Vz) 


se full-load Vz ee) 


which is usually expressed as a percentage. Note that 0 percent regulation implies a constant output voltage. 


CHAP. 2] SEMICONDUCTOR DIODES 41 


Example 2.11. Find the voltage regulation of the half-wave rectifier of Fig. 2-13. 
From Example 2.10, we know that 
Vin Ry 


Full-load Vz) = - = aR +R) Vin (2.7) 
DL S 


Realizing that R; — oo for no load, we may write 


R V, 

No-load Vip = lim _ V,,|=— 

R,>0o |m(R, + Rs) 1 

Thus, the voltage regulation is 
Yn Ry 
Rey = x mRp,+Rs) ” Rs _ 100Rs % 
R, V R, R, 
mR_+Rs) ™ 


Example 2.12. The half-wave rectifier circuit of Fig. 2-14(a) forms a battery charger where the battery terminal 
voltage (v,) appears across the battery ideal voltage (Vg) and the battery internal resistance (Rg). The source is a 
15-V, 200-Hz trapezoidal waveform with equal rise and fall times of 0.5ms. Use SPICE methods to determine the 
average value of the voltage appearing at the battery terminals (V;.) and the average value of current (/)) supplied to 
the battery. 


(12.87 V) 


= a AVG(V(2)) . V(2) 


(a) 


-O.0A 
Os 5.0 ms 
o AVG(I(RB)) . I(RB) 
Time 
(d) 


Fig. 2-14 


The netlist code that follows describes the circuit. 


Ex2_12.CIR - Half-wave rectifier 

vs 10 PULSE (-15V 15V -0.25ms 0.5ms 0.5ms 2ms 5ms ) 
D 12DMOD 

RB 230.50hm 


VB 3012V 

.MODEL DMOD D() ; Default diode 
. TRAN lus 5ms 

. PROBE 

- END 
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After execution of <Ex2_12.CIR>, the Probe feature of PSpice is used to plot the instantaneous values of v,, vp, 
and i on the common time-axis of Fig. 2-14(b) for reference. The Running Average feature of PSpice (gives the 
correct full-period average value at the end of each waveform period) is invoked to find V;) = 12.87V and 
Jy = 1.7383 A, as marked on Fig. 2-14(d). 


2.8. WAVEFORM FILTERING 


The output of a rectifier alone does not usually suffice as a power supply, due to its variation in time. 
The situation is improved by placing a fi/ter between the rectifier and the load. The filter acts to 
suppress the harmonics from the rectified waveform and to preserve the dc component. A measure 
of goodness for rectified waveforms, both filtered and unfiltered, is the ripple factor, 


r= maximum variation in output voltage — Av, 


rT 


(2.8) 


average value of output voltage Vio 


A small value, say F, < 0.05, is usually attainable and practical. 


Example 2.13. Calculate the ripple factor for the half-wave rectifier of Example 2.10 (a) without a filter and (4) 
with a shunt capacitor filter as in Fig. 2-15(a). 


Actual v, 


[fo Approximate v, 


(a) 


Fig. 2-15 
(a) For the circuit of Example 2.10, 
oo AO Vm ey 3.14 
Vio Vim/™ 


(b) The capacitor in Fig. 2-15(a) stores energy while the diode allows current to flow, and delivers energy to the 
load when current flow is blocked. The actual load voltage v, that results with the filter inserted is sketched in 

Fig. 2-15(b), for which we assume that vs = Vs, sinwt and D is an ideal diode. For 0 < t < t,, D is forward- 

biased and capacitor C charges to the value Vs,,.. For t; < ¢< ty, vs is less than v,, reverse-biasing D and 

causing it to act as an open circuit. During this interval the capacitor is discharging through the load R,, 

giving 

vp = Visme BC (4 < tS by) (2.9) 
Over the interval f, < t < tf +4, vs forward-biases diode D and again charges the capacitor to Vs,,._ Then vs 
falls below the value of v; and another discharge cycle identical to the first occurs. 

Obviously, if the time constant R,C is large enough compared to T to result in a decay like that indicated 
in Fig. 2-15(b), a major reduction in Av; and a major increase in V;9 will have been achieved, relative to the 
unfiltered rectifier. The introduction of two quite reasonable approximations leads to simple formulas for Av, 
and V;9, and hence for F,, that are sufficiently accurate for design and analysis work: 
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1. If Av, is to be small, then 6 > 0 in Fig. 2-15(b) and th — t, & T. 
2. If Av, is small enough, then (2.9) can be represented over the interval t; < ¢ < f, by a straight line with a 
slope of magnitude V5,,,/R,C. 


The dashed line labeled “Approximate v,”’ in Fig. 2-15(6) implements these two approximations. From right 
triangle abc, 
Av, = Vism = Vsm 
T R,C FRC 
where f is the frequency of vs. Since, under this approximation, 


= 1 
Vio a Vm im) Av, 


and R,C/T =fR_C is presumed large, 
Av, 2 1 


F,= = ~ 
"Vig 2fRpC-1 fRrC 


(2.10) 


Example 2.14. The half-wave rectifier of Fig. 2-16(q) is similar to that of Fig. 2-15 except an inductor that acts to 
reduce harmonics has been added. If source v, is a 120-V (rms) sinusoidal source, use SPICE methods to determine 
the ripple factor F,. 


L=8mH 


Us (-) C= 7000 uF 


(4) 


(137.725 Vv 


137 V 


136 V+------------ le lea Sele | 
Os 20 ms 40 ms 60 ms 
a V(3) ° AVG(V(3)) 
Time 
(d) 
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A set of netlist code for analysis of the circuit is shown below where an initial condition voltage (IC = 137 V) 
has been placed on the capacitor to eliminate transient conditions. 


Ex2_14.CIR-HWrectifier withL-C filter 
vs 10 SIN ( OV {sqrt(2) *120V} 60Hz) 

D 12 DMOD 

L 23 8mH 

C 30 700uF IC=137V ; Set initial condition 


RL 3 0 1000hm 

-MODEL DMOD D() ; Default diode 
.- TRAN lus 50ms UIC 

.- PROBE 

- END 


Execution of <Ex2_14.CIR> and use of the Probe feature of PSpice leads to the plot of output voltage 
vy, = V(3), shown by Fig. 2-16(5). The maximum and minimum values have been marked. Hence, the ripple 
voltage is 


Av, = 138.93 — 136.60 = 2.33 V 


The running average of Fig. 2-16(b) has the full-period average value of v; marked at the end of three source cycles 
giving Vj9 = 137.725V._ By (2.8), 


_ Ay, 2.33 


pac oe = 0.017 
"= 7 137705 °° 


2.9. CLIPPING AND CLAMPING OPERATIONS 


Diode clipping circuits separate an input signal at a particular dc level and pass to the output, 
without distortion, the desired upper or lower portion of the original waveform. They are used to 
eliminate amplitude noise or to fabricate new waveforms from an existing signal. 


Example 2.15. Figure 2-17(a) shows a positive clipping circuit, which removes any portion of the input signal 1; 
that is greater than V, and passes as the output signal v, any portion of v; that is less than V,. As you can see, vp is 
negative when v; < V;, causing the ideal diode to act as an open circuit. With no path for current to flow through 
R, the value of v; appears at the output terminals as v,. However, when vu; > V;, the diode conducts, acting as a 
short circuit and forcing v, = V,. Figure 2-17(b), the transfer graph or transfer characteristic for the circuit, shows 
the relationship between the input voltage, here taken as v; = 2V, sinwt, and the output voltage. 


Clamping is a process of setting the positive or negative peaks of an input ac waveform to a specific 
dc level, regardless of any variation in those peaks. 


Example 2.16. An ideal clamping circuit is shown in Fig. 2-18(5), and a triangular ac input waveform in Fig. 
2-18(a). If the capacitor C is initially uncharged and V;,, = 0, the ideal diode D is forward-biased for 0 < t < 7/4, 
and it acts as a short circuit while the capacitor charges to uc = V,.. Att = T/4, D open-circuits, breaking the only 
possible discharge path for the capacitor. Thus, the value vc = V, is preserved; since v; can never exceed V,, D 
remains reverse-biased for all t > T/4, giving v, = vp =v;—V,. The function v, is sketched in Fig. 2-18(c); all 


positive peaks are clamped at zero, and the average value is shifted from 0 to —V,. 


Example 2.17. For the clamping circuit of Fig. 2-18(5), let v; = 10sin(2000zt) V, Vg =5V, and C= 10 uF. 
Assume an ideal diode and use SPICE methods to determine output voltage v,. 

The netlist code describing the circuit is shown below. Since the capacitor will charge so that uc = Vz = SV, 
this value is set as an initial condition (IC = 5 V) to circumvent the transient response. 
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(5) 


T/4 T/2 37/4 T ST/4 


T/4 1/2 37/4 ,T t 


ut OW 


(a) (b) (c) 


Ex2_17.CIR- Clamping circuit 

vi10OSIN ( OV 10V 1kHz ) 

C 12 10uF Ic=5V; Set initial condition 
D 23 DMOD 

VB 305V 


. MODEL DMOD D(n=0.0001) ; Ideal diode 
. TRAN lus 2ms UIC 

. PROBE 

- END 


Execute <Ex2_17.CIR> and use the Probe feature of PSpice to plot the resulting output voltage v, = V(2) as 
shown by Fig. 2-19(a) where it is seen that the output voltage is simply v; clamped so that the maximum value is 
equal to Vg = SV. 
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o V(2) ». V(3) 
Time 


(a) Fig. 2-19 ) 


Example 2.18. The positive clamping circuit of Fig. 2-18(b) can be changed to a negative clamping circuit by 
inverting battery Vz. Make this change (Vg = —5 V) and use SPICE methods to determine the output voltage vu, for 
the circuit if v; and C have the values of Example 2.17. 

The netlist code of Example 2.17 can be modified to describe the reversal of Vz by simply assigning a value of 
—5V(VB30 —SV) or by reversing the order of the node listing (VB 035V). Since the capacitor will charge so that 
uc = 15V, set IC = 15 V to yield an immediate steady-state solution. 

Execution of the modified netlist code (available at the author website as < Ex2_18.CIR >) and use of the Probe 
feature of PSpice leads to the plot of Fig. 2-19(b) where it is seen that the output voltage v, = V(2) is v; clamped to 
the maximum value of Vg = —SV. 


2.10. THE ZENER DIODE 


The Zener diode or reference diode, whose symbol is shown in Fig. 2-20(a), finds primary usage as a 
voltage regulator or reference. The forward conduction characteristic of a Zener diode is much the same 
as that of a rectifier diode; however, it usually operates with a reverse bias, for which its characteristic is 
radically different. Note, in Fig. 2-20(b), that: 


(a) 


Fig. 2-20 
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1. The reverse voltage breakdown is rather sharp. The breakdown voltage can be controlled 
through the manufacturing process so it has a reasonably predictable value. 


2. When a Zener diode is in reverse breakdown, its voltage remains extremely close to the break- 
down value while the current varies from rated current (/7) to 10 percent or less of rated current. 


A Zener regulator should be designed so that iz > 0.1/7 to ensure the constancy of vz. 


Example 2.19. Find the voltage vz across the Zener diode of Fig. 2-20(a) if iz = 10mA and it is known that 
Vz =5.6V, Iz = 25mA, and Rz = 10Q. 
Since 0.1/7 < iz < Iz, operation is along the safe and predictable region of Zener operation. Consequently, 


vz © Vz +izRz = 5.6 +(10 x 107*)(10) = 5.7V 


Rz is frequently neglected in the design of Zener regulators. Problem 2.31 illustrates the design 
technique. 


Example 2.20. Back-to-back Zener diodes, as shown between 3,0 of Fig. 2-21(a), are frequently used to clip or 
remove voltage spikes. SPICE-based analysis programs generally do not offer a specific model for the Zener diode, 
but rather the model is implemented by model parameter specification of the reverse breakdown voltage (BV) and 
the associated reverse breakdown current (IBV). For the circuit of Fig. 2-21(a), let v, = 10 sin(2000z7) V and source 
vu, model a disturbance that results in a 10 V spike appearing at the positive crest of v,. Set values for the reverse 
breakdown voltage of the Zener diodes and assess the effectiveness of the circuit in clipping the disturbance spike. 


zener current 


Fig. 2-21 
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The netlist code describing the circuit follows: 


Ex2_20.CIR- Zener diode spike clipper 

. PARAM £=1kHz T={1/f} 

vs 10 SIN ( OV 10V {£} ) 

* Set 10V spike at positive peak of vs 

vp 2 1 PULSE ( OV 10V {T/4} {T/100} {T/100} lus {T} ) 
R 23 1ohm 


D1 43 DMOD ; Zener diode Z1 

D2 40 DMOD ; Zener diode 22 

RL 3 0 500hm 

. MODEL DMOD D( BV=9. 3V IBV=1A ) 
. TRAN 1 us 2ms 

. PROBE 

- END 


The final values of BV and IBV shown in the code were determined by trial and error to give acceptable results, 
knowing that severe avalanche is approximately | V beyond the value of BV. Parameter IBV strongly influences the 
slope of the diode characteristic in the avalanche region. 

The plot of Fig. 2-21(b) shows both the voltage (v, + v,) impressed on the circuit and the resulting Zener current 
as the spike is clipped. Examination of the output voltage v, shows that the spike is clipped so that only a 0.42 V 
remnant of the original 10 V spike appears across the load resistor R;. 


Solved Problems 


2.1. At a junction temperature of 25°C, over what range of forward voltage drop up can (2./) be 
approximated as ip © J,e”®/"" with less than 1 percent error for a Ge diode? 


From (2.1) with n = 1, the error will be less than 1 percent if e’?/"" > 101. In that range, 


(1.38 x 1077)(25 + 273) 


restos 4.6151 = 0.1186 V 
OX 


kT 
Up > Vrinl0l = In 101 = 
q 


2.2. A Ge diode described by (2./) is operated at a junction temperature of 27°C. For a forward 
current of 1OmA, vp is found to be 0.3V. (a) If up = 0.4 V, find the forward current. (b) Find 
the reverse saturation current. 


(a) We form the ratio 


inn L(ev2/Y7 — 1) @04/0.02587 _ 4 


ip — L,(erol Yr = 1) -. e0-3/0.02587 —1 = 47.73 
Then ino = (47.73)(10 mA) = 477.3mA 
(6) By (2.1), 
10 x 10% 
pa Lee 


evni/Vr _ | ~~ 00.3/0.02587 _ 4 


2.3. For the circuit of Fig. 2-22(a), sketch the waveforms of vz and vp if the source voltage vg is as 
given in Fig. 2-22(b). The diode is ideal, and R; = 100Q. 
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Us, V 


i) 


(a) 


(b) 


v,and vp, V 


1.82 


Fig. 2-22 


If us => 0, D conducts, so that vp = 0 and 


Re 100 
~R,+Rs 5 100+ 10 


UL vs = 0.9095 


If vs < 0, D blocks, so that vp = vs and v, =0. Sketches of vp and v, are shown in Fig. 2-22(c). 


2.4 Extend the ideal diode analysis procedure of Section 2.2 to the case of multiple diodes by solving 
for the current 7, in the circuit of Fig. 2-23(a). Assume D, and D, are ideal. R, = R; = 100Q, 
and vs is a 10-V square wave of period | ms. 


Ry ing 


R, 


(a) 


(c) 


Fig. 2-23 


50 


2.5 


2.6 
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Step 1: Assume both diodes are forward-biased, and replace each with a short circuit as shown in Fig. 


2-23(b). 
Step 2: Since D, is “on,” or in the zero-impedance state, current division requires that 
0 
ipy = -—— i, = 0 1 
D2 Ro +0" (/) 
Hence, by Ohm’s law, 
‘ . Us 
= => 2 
ty = Ip R, (2) 


Step 3: Observe that when vs = 10 > 0, we have, by (2), ip, = 10/100 =0.1A > 0. Also, by (/), ipn = 0. 
Thus all diode currents are greater than or equal to zero, and the analysis is valid. However, when 
vs = —10 <0, we have, by (2), ip; = —10/100 = —0.1 A < 0, and the analysis is no longer valid. 

Step 4: Replace D, with an open circuit as illustrated in Fig. 2-23(c). Now obviously ip; = 0 and, by 
Ohm’s law, 

. . Us —10 
ee RR 1 100 


0.05A 


Further, voltage division requires that 
Ry 


Up| = R+R, + R, U 


s 
so that vp, < 0 if vs < 0, verifying that D, is actually reverse-biased. Note that if D, had been 


replaced with an open circuit, we would have found that vp) = —vs = 10 V > 0, so Dy would not 
actually have been reverse-biased. 


In the circuit of Fig. 2-24, D,; and D, are ideal diodes. Find ip; and ipo. 


dD ipl ipa ee 


Fig. 2-24 


Because of the polarities of D,; and Ds, it is necessary that i; >0. Thus, v4,<Vs=V;. But 
Up! = Vgh — V1; therefore, up < 0 and so ip, = 0, regardless of conditions in the right-hand loop. It follows 
that ipo = is. Now using the analysis procedure of Section 2.2, we assume D) is forward-biased and replace 
it with a short circuit. By KVL, 


— = =4mA 
'D2 =~ 500 5300. 


Since ip) > 0, D> is in fact forward-biased and the analysis is valid. 


The logic OR gate can be utilized to fabricate composite waveforms. Sketch the output v, of the 
gate of Fig. 2-25(a) if the three signals of Fig. 2-25(5) are impressed on the input terminals. 
Assume that diodes are ideal. 


For this circuit, KVL gives 


UV) — V2 = Upi — Up2 Vv, — V3 = Upl — Up3 
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2.7 


(a) (b) 


Fig. 2-25 


i.e., the diode voltages have the same ordering as the input voltages. Suppose that v, is positive and exceeds 
v, and v3. Then D,; must be forward-biased, with vp; = 0 and, consequently, up» < 0 and vp; < 0. Hence, 
D, and D; block, while v; is passed as v,. This is so in general: The logic of the OR gate is that the largest 
positive input signal is passed as v,, while the remainder of the input signals are blocked. If all input signals 
are negative, v, =0. Application of this logic gives the sketch of v, in Fig. 2-25(c). 


The diode in the circuit of Fig. 2-26(a) has the nonlinear terminal characteristic of Fig. 2-26(d). 
Find ip and vp analytically, given vs = 0.1 cos@tV and V, =2V. 


100 Q 


0.5 0.7 Up, V 
, 


(a) (b) (c) 


Fig. 2-26 
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The Thévenin equivalent circuit for the network to the left of terminals a, b in Fig. 2-26(a) has 


1 
Vin = a (2+0.1lcosa@t)=1+0.05coswt V 


The diode can be modeled as in Fig. 2-11(5), with Vz = 0.5 V and 


0.7 — 0.5 
0.004 


Together, the Thévenin equivalent circuit and the diode model form the circuit in Fig. 2-26(c). Now by 
Ohm’s law, 


Ry = =50Q 


Vin —Ve (1 +.0.05cos wt) — 0.5 
~ Ry + Re 50 + 50 
Up = Ve + Rpip = 0.5 + 50(0.005 + 0.0005 cos wt) = 0.75 + 0.025coswt V 


ip =5+0.5cosot mA 


2.8 Solve Problem 2.7 graphically for ip. 


The Theévenin equivalent circuit has already been determined in Problem 2.7. By (2.4), the de load line 
is given by 


Vin = Up 1 vp 
Rr, Rm 50 50 


ip 20 —20up mA (J) 
In Fig. 2-27, (/) has been superimposed on the diode characteristic, replotted from Fig. 2-26(b). As in 
Example 2.7, equivalent time scales for v7, and ip are laid out adjacent to the characteristic curve. Since the 
diode characteristic is linear about the Q point over the range of operation, only dynamic load lines 
corresponding to the maximum and minimum of v7, need be drawn. Once these two dynamic load lines 
are constructed parallel to the dc load line, ip can be sketched. 


2.9 Use the small-signal technique of Section 2.6 to find ip and vp in Problem 2.7. 


The Thevenin equivalent circuit of Problem 2.7 is valid here. Moreover, the intersection of the dc load 
line and the diode characteristic in Fig. 2-27 gives Ipg = SmA and Vpg = 0.75V. The dynamic resistance 
is, then, by (2.5), 

Avp  0.7—0.5 
Aip 0.004 


'g= = 502 


We now have all the values needed for analysis using the small-signal circuit of Fig. 2-12. By Ohm’s law, 
: Vth 0.05 cos wt 
‘dR, tra 50 +50 
vg = "gig = 50(0.0005 cos wt) = 0.025cosat V 
ip =Ipo tig =5+0.5cos@t mA 
Up = Vpg + v4 = 9.75 + 0.025 coswt V 


=0.5cosmt mA 


2.10 <A voltage source, vs = 0.4+ 0.2 sinawtV, is placed directly across a diode characterized by Fig. 
2-26(b). The source has no internal impedance and is of proper polarity to forward-bias the 
diode. (a) Sketch the resulting diode current ip. (b) Determine the value of the quiescent 
current Ipg. 


(a) A scaled plot of vs has been laid out adjacent to the vp axis of the diode characteristic in Fig. 2-28. 
With zero resistance between the ideal voltage source and the diode, the dc load line has infinite slope 
and up = vs. Thus, ip is found by a point-by-point projection of vs onto the diode characteristic, 


V7,/R Th 


DC load line 


16 Dynamic load lines 


ip, mA 


~ 


Up, V 


Fig. 2-27 


Fig. 2-28 
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followed by reflection through the ip axis. Notice that ip is extremely distorted, bearing little resem- 
blance to vs. 


(b) Quiescent conditions obtain when the ac signal is zero. In this case, when vs = 0.4V, ip = Ipg = 0. 


2.11 In the circuit of Fig. 2-3(a), assume Rs = R, = 200Q, R, = 50kQ, and vs = 400sinwtV. The 
diode is ideal, with reverse saturation current J, = 2 4A and a peak inverse voltage (PIV) rating 
of Ve =100V. (a) Will the diode fail in avalanche breakdown? (b) If the diode will fail, is 
there a value of R; for which failure will not occur? 


(a) From Example 2.1, 


R, 200 
"Th Ri Rs 5 200 + 200 

R,Rs _ (200)(200) 
Ri +Rs 200+ 200 


(400 sin wt) = 200sinwt V 


= 1002 


Rr 


The circuit to be analyzed is that of Fig. 2-3(c); the instants of concern are when wf = (2n + 1)z/2 for 
W=1,2,.3) cong at which times v7, = —200 V and thus vp is at its most negative value. An application 
of KVL yields 


Up = vm, — ip(Rr, + Ry) = —200 — (—2 x 107)(100 + 50 x 10°) = —199.9V (1) 


Since vp < —Vr = —100V, avalanche failure occurs. 


(b) From (J), it is apparent that vp > —100 V if 


100 = 50MQ 


UT, — Up —200 — (—100) 
R, > 2 - Ry, = 
eT ve —2 x 10-6 


2.12 In the circuit of Fig. 2-29, us is a 10-V square wave of period 4ms, R = 100Q, and C = 20 uF. 
Sketch uc for the first two cycles of vg if the capacitor is initially uncharged and the diode is ideal. 


Fig. 2-29 


In the interval 0 < t < 2ms, 


uc(t) = us(1 — ee /®S) = 1001 — 2") V 


For 2 < t < 4ms, D blocks and the capacitor voltage remains at 
vc(2 ms) = 10(1 — 29.) — 6.32V 
For 4 < t < 6ms, 
c(t) = Vg — (Vg — 6.320 OOOM/RE = 10 — (10 — 6.32) 0.04) r=e 
And for 6 < t < 8ms, D again blocks and the capacitor voltage remains at 


vc(6ms) = 10 — (10 — 6.32)e7 72) = 8.654. V 


CHAP. 2] SEMICONDUCTOR DIODES 55 


2.13 


Fig. 2-30 


The waveforms of vs and vc are sketched in Fig. 2-30. 


The circuit of Fig. 2-31(a) is an “inexpensive” voltage regulator; all the diodes are identical and 
have the characteristic of Fig. 2-26(b). Find the regulation of v, when V; increases from its 
nominal value of 4V to the value 6V. Take R=2kQ. 


(a) (b) 


Fig. 2-31 


We determined in Problem 2.7 that each diode can be modeled as a battery, V; = 0.5 V, and a resistor, 
Re = 500Q, in series. Combining the diode strings between points a and b and between points b and c gives 
the circuit of Fig. 2-31(b), where 


Vin =Wp=1V Ve =4Vp=2V Rp =2Rp=1002 Rp =4Rp = 2002 


_ My — Vin — Vero 


By KVL, i= 
R+ Rey + Reo 


(Vi, — Vey — Vix) Reo 
R+ Rr t+ Reo 


whence Vo = Vint Rr = Veo 4 
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For Vn =4V and Vino = 6V, 


(4 — 1 —2)(200) 
Vo = 2 +5000 4 100 + 200 


(6 — 1 — 2)(200) 
=209V Vy=2 
2 =** 5990+ 100 + 200 


= 2.26V 


and (2.6) gives 


Vio V, 
Reg = ar “1 (100%) = 8.1% 


ol 


2.14 The circuit of Fig. 2-22(a) is to be used as a de power supply for a load R, that varies from 10 Q 
to 1kQ; vs is a 10-V square wave. Find the percentage change in the average value of v, over the 
range of load variation, and comment on the quality of regulation exhibited by this circuit. 


Let T denote the period of vs. For R; = 10Q, 


0=5V 0<t<T/2 


R, 10 
Us = 1 
uv, = ( Rp + Rs 10+ 10 
0 (diode blocks) T/2<t<T 
5(T/2) + 0(T/2) 
T 


and so Vin = =2:5V 


For R, = 1kQ, 


R_+Rs > 1010 
0 (diode blocks) T/2<t<T 
9.9(T /2 
and so Vin = — 


Then, by (2.6) and using R,; = 10Q as full load, we have 


4.95 — 
2:5 


[i ge ie eoy 0<t<T/2 
UL = 


= 4.95V 


Reg = 25 (100%) = 98% 


This large value of regulation is prohibitive for most applications. Either another circuit or a filter network 
would be necessary to make this power supply useful. 


2.15 The circuit of Fig. 2-32 adds a dc level (a bias voltage) to a signal whose average value is zero. If 
vs is a 10-V square wave of period T, R; = R, = 10Q, and the diode is ideal, find the average 
value of vr. 


Fig. 2-32 


For v, > 0, D is forward-biased and v, = vs = 10V. For vu, < 0, D is reverse-biased and 


R, 10 
= = 10) =-5V 

= Re+R, Ss  io¢ 10 

Thus, fas 10(T/2) + (—S)(T/2) —925Vv 


T 
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2.16 


2.17 


2.18 


2.19 


For some symmetrical input signals, this type of circuit could destroy the symmetry of the input. 


Size the filter capacitor in the rectifier circuit of Fig. 2-15(a) so that the ripple voltage is approxi- 
mately 5 percent of the average value of the output voltage. The diode is ideal, Ry = 1kQ, and 
vs = 90sin2000¢V. Calculate the average value of uv, for this filter. 


With F. = 0.05, (2.10) gives 


1 1 
e ~ R,(0.05)  (2000/2m)\(1 x 10°)(0.05) 


= 62.83 uF 


Then, using the approximations that led to (2./0), we have 


Vm 
IRC 


5 Au V sm ~ Vn(I is “) = (90)(0.975) = 87.75 V 


Vio = Vm 


In the positive clipping circuit of Fig. 2-17(a), the diode is ideal and v; is a 10-V triangular wave 
with period T. Sketch one cycle of the output voltage v, if V, =6V. 


The diode blocks (acts as an open circuit) for v; < 6V, giving v, = v;. For vu; > 6V, the diode is in 
forward conduction, clipping v; to effect v, =6V. The resulting output voltage waveform is sketched in 
Fig. 2-33. 


37/20 T/4 77/20 7/2 i t 


Fig. 2-33 


Draw a transfer characteristic relating v, to v; for the positive clipping network of Problem 2.17. 
Also, sketch one cycle of the output waveform if v; = 10 sina? V. 


The diode blocks for v; < 6 V and conducts for v; > 6V. Thus, v, = v; for v; < 6V, and v, = 6V for 
v; = 6V. The transfer characteristic is displayed in Fig. 2-34(a). For the given input signal, the output is a 
sine wave with the positive peak clipped at 6 V, as shown in Fig. 2-34(b). 


Reverse the diode in Fig. 2-17(a) to create a negative clipping network. (a) Let V, =6V, and 
draw the network transfer characteristic. (b) Sketch one cycle of the output waveform if 
vs = 10sinatV. 
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(a) (b) 


Fig. 2-34 


(a) The diode conducts for v; < 6V and blocks for v; >6V. Consequently, v, = v; for v; > 6V, and 
Ug = 6V for v; <6V. The transfer characteristic is drawn in Fig. 2-35(a). 

(b) With negative clipping, the output is made up of the positive peaks of 10sinwt above 6 V and is 6 V 
otherwise. Figure 2-35(b) displays the output waveform. 


2.20 The signal, v; = 10sin wt V, is applied to the negative clamping circuit of Fig. 2-18(b). Treating 
the diode as ideal, sketch the output waveform for 14 cycles of v;. The capacitor is initially 
uncharged. 


For 0 <¢ < 7/4, the diode is forward-biased, giving v, = 0 as the capacitor charges to uc = +10V. 
For t > 7/4, v, < 0, and thus the diode remains in the blocking mode, resulting in 


Up = —vc +0; = —10 +4; =—-10(01 —sinawt) V 


Fig. 2-35 
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2.21 


Fig. 2-36 


The output waveform is sketched in Fig. 2-36. 


The diodes in the circuit of Fig. 2-37 are ideal. Sketch the transfer characteristic for 
—20V < V, < 20V. 


Inspection of the circuit shows that J; can have no component due to the 10-V battery because of the 
one-way conduction property of D,. Therefore, D, is “off’ for V; < 0; then vp» = —10V and V; = 0. 

Now D, is “on” if V; > 0; however, D) is ‘off’ for V7 < 10. The onset of conduction for D) occurs 
when V,, = 10 V with J, = 0, or when, by voltage division, 


Hence, Vi = 10=15V (1) 
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2.23 


2.24 


SEMICONDUCTOR DIODES [CHAP. 2 


Thus, if V; > 15 V, D, is “on” and V7 =10V. But, for 0 < V,; < 15V, Dy is “off,” = 0, and V; is given 
as a function of V; by (/). Figure 2-38 shows the composite result. 


V>,V 


20 


Problem 2.22 


Problem 2.23 
VV 


Suppose diode D, is reversed in the circuit of Fig. 2-37. Sketch the resulting transfer character- 
istic for —20 < V; < 20V. 


Diode D, is now “on” and Vz, = 10 V until V; increases enough so that V,, = 10V, at which point 
1,=0. That is, V, = 10V until 


Vy =Vy=10= Vi = W=zV”" (/) 


or until 
Vi = 3 V> => 15V 


For V; > 15 V, 4 = 0 and (/) remains valid. The resulting transfer characteristic is shown dashed in Fig. 
2-38. 


Suppose a resistor Ry = 5 Q is added across terminals c, d of the circuit of Fig. 2-37. Describe the 
changes that result in the transfer characteristic of Problem 2.21. 

There is no change in the transfer characteristic for V; <0. However, D, remains “off” until V; > 0 
increases to where V7 = 10V. At the onset of conduction for D, the current through D, is zero; thus, 
= = and h= = vf 

Ry + Ry|(Rs + Ry) 10 PR +R+R, 2 


q 


Hence, by Ohm’s law, 


Thus, V; = 40 V when V2 = 10V, and it is apparent that the breakpoint of Problem 2.21 at V; = 15 V has 
moved to V; = 40V. The transfer characteristic for —20 < V; < 20 is sketched in Fig. 2-38. 


Sketch the i-v input characteristic of the network of Fig. 2-39(a) when (a) the switch is open and 
(b) the switch is closed. 


The solution is more easily found if the current source and resistor are replaced with the Thévenin 
equivalents V7, = JR and Ry, = R. 


(a) KVL gives v = iR7, + IR, which is the equation of a straight line intersecting the i axis at —/J and the v 
axis at JR. The slope of the line is 1/R. The characteristic is sketched in Fig. 2-39(b). 


(b) The diode is reverse-biased and acts as an open circuit when v > 0. It follows that the i-v characteristic 
here is identical to that with the switch open ifv > 0. But if v < 0, the diode is forward-biased, acting 
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(a) (b) (c) 
Fig, 2-39 


as a short circuit. Consequently, v can never reach the negative values, and the current i can increase 
negatively without limit. The corresponding i-v plot is sketched in Fig. 2-39(c). 


2.25 In the small-signal circuit of Fig. 2-40, the capacitor models the diode diffusion capacitance, so 
that C = C, = 0.02 uF, and v,, is known to be of frequency w = 10’ rad/s. Also, rg = 2.5Q and 
Zt = Rr, =10Q. Find the phase angle (a) between iz and vg and (b) between vg and u,j. 


Fig. 2-40 


(a) The diffusion capacitance produces a reactance 


1 rl 
yes =52 
“d= Cy (107\(0.02 x 10-5) 
2.5)(5|—90° 
so that Cn eee 2 5 ) _ 9936|-26.57? =2—f12 
Sj 


Thus, i; leads vg by a phase angle of 26.57°. 
(b) Let Z,, be the impedance looking to the right from v,,; then 


Zeq = Zr + Za = 10 + (2 —Jl) = 12 — fl = 12.04|-4.76° Q 


Hence, wv, leads vy by an angle of 26.57° — 4.76° = 21.81°. 


2.26 Using ideal diodes, resistors, and batteries, synthesize a function-generator circuit that will yield 
the i-v characteristic of Fig. 2-41(a). 


Since the i-v characteristic has two breakpoints, two diodes are required. Both diodes must be oriented 
so that no current flows for v< —5V. Further, one diode must move into forward bias at the first 
breakpoint, v = —5 V, and the second diode must begin conduction at v=+10V. Note also that the 
slope of the i-v plot is the reciprocal of the Thévenin equivalent resistance of the active portion of the 
network. 
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(a) 


Fig. 2-41 


The circuit of Fig. 2-41(b) will produce the given i-v plot if Rj = 6kQ, R, =3kQ, V; =5V, and 


>= 10V. These values are arrived at as follows: 


If v < —SV, both vp; and vp) are negative, both diodes block, and no current flows. 
If —5 < v < 10V, D, is forward-biased and acts as a short circuit, whereas vp) is negative, causing D, to 
act as an open circuit. R, is found as the reciprocal of the slope in that range: 


10 — (—5) 


Ri =" = 6k 
0.0025 
If v = 10 V, both diodes are forward-biased, 
Re Ri Ry =) 20 — 10 -=2k9 
Ri +R, Ai (7.5—2.5) x 107° 
3 3 
and R Ri Rr, (6 x 10 \(2 x 10 ) —3kQ 


7 RR, — Rr, 4x 10° 


For the resistor and battery values of Problem 2.26, use SPICE methods to simulate the function 
generator circuit of Fig. 2-41(b). Implement using default diode parameters. Determine the 
values of input voltage v for which the two break points occur. 


The describing netlist code appears below: 


Prb2_27.CIR 
v 10DC OV 
D112 DMOD 
R12 3 6kohm 
V103 DC 5V 
D2 1 4 DMOD 


R245 3kohm 
V250DC 10V 
DC vy -10V 25V 0.25V 
. MODEL DMOD D () 

- PROBE 

- END 


After executing <Prb2_27.CIR>, the Probe feature is used to plot the resulting i-v characteristic of Fig. 
2-42, where it is seen that the nonideal diodes have resulted in shifts of the —5 V and —10 V break points of 
Fig. 2-41(a) to —4.54V and 10.61 V, respectively. 
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' 1 
1 { 
1 1 
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a - I(v) 
Vv 
Fig. 2-42 


2.28 Find uv; for the full-wave rectifier circuit of Fig. 2-43(a), treating the transformer and diodes as 
ideal. Assume Ry = 0. 


Fs 


(b) 


Fig. 2-43 


The two voltages labeled v> in Fig. 2-43(a) are identical in magnitude and phase. The ideal transformer 
and the voltage source vy can therefore be replaced with two identical voltage sources, as in Fig. 2-43(b), 
without altering the electrical performance of the balance of the network. When vs/n is positive, D, is 
forward-biased and conducts but D, is reverse-biased and blocks. Conversely, when vs/n is negative, D> 
conducts and D, blocks. In short, 


Us/T Us ig 0 0 
: R = ; n 
ip, = L : and ipo = us/n vs 
6 <0 - <0 
n Ry on 
By KCL, ee 
R, 


and so v, = R, i, = |vs/nI. 
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2.29 For the full-wave rectifier circuit of Fig. 2-43(a), let vy = 120V2sin(120z1) V, Rs = 0.001 Q, 
R, =5Q, and the ideal transformer has a turns ratio of 10:1. Using SPICE methods and 
assuming ideal diodes, plot the output voltage v, and diode currents ip, and ip». Compare 
the results with predicted values based on the solution of Problem 2.28. 


The netlist code for analysis of the circuit is 


Prb2_29.CIR- FWrectifier 

vs 10 SIN( OV {sqrt (2) *120V} 60Hz ) 
Rs 120.00100hm 

* Tdeal transformer, 10:lratio 
L120 1HIC=-0.39A 

L2 3 0 10mH 

L3 0 4 10mH 

kallL1L2L31 


D1 3 5 DMOD 

D2 45 DMOD 

RL 5 0 50hm 

. MODEL DMOD D(n=0.0001) ; Ideal diode 
- TRAN lus 16.667ms Os le-6s UIC 

. PROBE 

- END 


Execution of <Prb2_29.CIR> and use of the Probe feature of PSpice result in the plots of Fig. 2-44 
where the peak values of v; and ip; have been marked. 


-O.0 A? 6 a ee 
Os 10 ms 20 ms 
o I(D1) o I (D2) 
Time 
Fig. 2-44 


Based on the results of Problem 2.28, the predicted peak values of v; and ip, are given by 


_ Ugmax/M _ 120/2/10 


ita = 339A 
1D1 max R, 5 
ser OOS 
i = OS 120V2 _ sory 
n 10 


The predicted values and the SPICE results are in agreement. 
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2.30 The Zener diode in the voltage-regulator circuit of Fig. 2-45 has a constant reverse breakdown 
voltage Vz = 8.2 V, for 75mA <iz<1A. If R, =9Q, size Rs so that v; = Vz is regulated to 
(maintained at) 8.2 V while V; varies by £10 percent from its nominal value of 12 V. 


By Ohm’s law 


( Vz 8.2 
pee 4s =0911A 
R, RR, 9 
Now an application of KVL gives 
Rs = Vy — Va (1) 
iz +i, 


and we use (/) to size Rs for maximum Zener current /7 at the largest value of V;: 


_ (1.02) — 8.2 


R= = 2.62Q 
" 140.911 
Now we check to see if iz > 75mA at the lowest value of V;: 
Vy oz (0.912) — 8.2 
iz = "Re 4 i, = ine 0.911 = 81.3mA 


Since iz > 75mA, vz = Vz = 8.2 V and regulation is preserved. 


2.31 A Zener diode has the specifications Vz =5.2V and Ppmax = 260mW. Assume Rz = 0. 
(a) Find the maximum allowable current iz when the Zener diode is acting as a regulator. 
(b) If a single-loop circuit consists of an ideal 15-V dc source Vs, a variable resistor R, and 
the described Zener diode, find the range of values of R for which the Zener diode remains in 
constant reverse breakdown with no danger of failure. 


b= Pomax , 260 10-3 


i7 max = = 50mA 
(a) 1Z max Vz 5.2 m. 
(6) By KVL, 
Vi, —V: 
Vs = Riz+Vz so that R= 2 
IZ 
From Section 2.10, we know that regulation is preserved if 
ye rserz 15 — 5.2 ~ = 1.96k2 
0. emax (0.1)(50 x 107) 
Overcurrent failure is avoided if 
oe Vs- Ve. 15 — 5.2 ~ 1962 


Tzmax 50 x 10-3 
Thus, we need 196Q < R < 196kQ. 
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A light-emitting diode (LED) has a greater forward voltage drop than does a common signal 
diode. A typical LED can be modeled as a constant forward voltage drop vp = 1.6V. Its 
luminous intensity I, varies directly with forward current and is described by 


I, = 40ip © millicandela (mcd) 


A series circuit consists of such an LED, a current-limiting resistor R, and a 5-V dc source Vs. 
Find the value of R such that the luminous intensity is | med. 


By (/), we must have 


I 1 
=F =7 =25mA 
O40, 40), 
From KVL, we have 
V5 = Rip + 1.6 
so that Ree S16 sae 
Ip 25 x 1073 


The reverse breakdown voltage Vp of the LED of Problem 2.32 is guaranteed by the manufac- 
turer to be no lower than 3 V. Knowing that the 5-V de source may be inadvertently applied so 
as to reverse-bias the LED, we wish to add a Zener diode to ensure that reverse breakdown of the 
LED can never occur. A Zener diode is available with Vz = 4.2 V, Iz = 30mA, and a forward 
drop of 0.6 V. Describe the proper connection of the Zener in the circuit to protect the LED, and 
find the value of the luminous intensity that will result if R is unchanged from Problem 2.32. 


The Zener diode and LED should be connected in series to that the anode of one device connects to the 
cathode of the other. Then, even if the 5-V source is connected in reverse, the reverse voltage across the 
LED will be less than 5 — 4.2 = 0.8 V < 3V. When the dc source is connected to forward-bias the LED, we 
will have 


F Vs—Vriep — Vez 5 —1.6-—0.6 
a R =) = 4136 
so that 1, = 40ip = (40)(20.6 x 10-4) = 0.824 med 


= 20.6mA 


Supplementary Problems 


A Si diode has a saturation currrent J, = 10nA at T = 300°K. (a) Find the forward current ip if the 
forward drop vp is 0.5V. (b) This diode is rated for a maximum current of SA. What is its junction 
temperature at rated current if the forward drop is 0.7 V. Ans. (a) 2.47A; (6b) 405.4°K 


Solve Problem 2.1 for a Si diode. Ans. vp > .0.2372V 
Laboratory data for a Si diode described by (2./) show that ip = 2mA when vp = 0.6 V, and ip = 10 mA for 
Up =0.7V. Find (a) the temperature for which the data were taken, and (Jb) the reverse saturation 


current. Ans. (a) 87.19°C; (6) 2.397 HA 


For what voltage vp will the reverse current of a Ge diode that is described by (2./) reach 99 percent of its 
saturation value at a temperature of 300°K? Ans. vp = —0.1191 V 


Find the increase in temperature AT necessary to increase the reverse saturation current of a diode by a 
factor of 100. Ans. 66.4°C 
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The diode of Problem 2.34 is operating in a circuit where it has dynamic resistance rg = 100 Q. What must 
be the quiescent conditions? Ans. Vpg = 0.263 V, Ipg = 0.259 mA 


The diode of Problem 2.34 has a forward current ip =2+0.004sinwtmA. Find the total voltage, 


Up = Vpog + va, across the diode. Ans. vp = 339.5 + 0.0207 sin wt mV 


Find the power dissipated in the load resistor R, = 100 Q of the circuit of Fig. 2-22(a) if the diode is ideal 
and vs = 10sinawtV. Ans. 206.6mW 


The logic AND gate of Fig. 2-46(a) has trains of input pulses arriving at the gate inputs, as indicated by Fig. 
2-47(b). Signal v is erratic, dropping below nominal logic level on occasion. Determine v,. 
Ans. 10V for 1 <t<2ms, 5V for 4 < ¢ < 5ms, zero otherwise. 


1,,V 


10 


+10V 


t, ms 


t, ms 


Fig. 2-46 


The logic AND gate of Fig. 2-46(a) is to be used to generate a crude pulse train by letting v; = 10sinwtV 
and v.=5V. Determine (a) the amplitude and (b) the period of the pulse train appearing as v,. 
Ans. (a) 5V;  (b) 2x/@ 


In the circuit of Fig. 2-29, vs is a 10-V square wave with a 4-ms period. The diode is nonideal, with the 
characteristic of Fig. 2-26(b). If the capacitor is initially uncharged, determine vc for the first cycle of v,. 
Ans. 9.5(1 — e333) Vy for 0 < t <2ms and 4.62 V for 2 < t < 4ms 


The forward voltage across the diode of Problem 2.35 is up = 0.3 + 0.060costV. Find the ac component of 
the diode current iy. Ans. 2.52costmA 


The circuit of Fig. 2-47(a) is a voltage-doubler circuit, sometimes used as a low-level power supply when the 
load R,; is reasonably constant. It is called a “‘doubler’’ because the steady-state peak value of uv, is twice the 
peak value of the sinusoidal source voltage. Figure 2-47(5) is a sketch of the steady-state output voltage for 
vy = 10cosat V. Assume ideal diodes, w = 120mrad/s, C; = 20uF, C, = 100mF, and R,; = 20kQ. 
(a) Solve by SPICE methods for the decay time ty. (b) From the SPICE results, determine the peak-to- 
peak value of the ripple voltage. (Netlist code available from author website.) 

Ans. (a) 15.52ms; (b) 0.75 V 
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(a) 


Fig. 2-47 


Find the diode current during one capacitor-charging cycle in the rectifier circuit of Fig. 2-15(a) if 
C= 47 uF, R, = 1kQ, and vs = 90cos 20001 V. (Hint: The approximate ripple formula cannot be used, 
as it implicitly assumes zero capacitor charging time. Instead, solve for capacitor current and load current, 
and add.) Ans. ip = —8.49 sin(2000¢ — 0.6°) A for 2.966 ms < ¢ < 3.142ms 


In the circuit of Fig. 2-32, Rj = R, = 10Q. If the diode is ideal and vs = 10 sin wt V, find the average value 
of the load voltage v;. Ans. 3.18V 


Rework Problem 2.20 with the diode of Fig. 2-18(b) reversed and all else unchanged. (The circuit is now a 
positive clamping circuit.) 
Ans. v, = 10sinwt V for 0 <t < T/2, 0 for T/2 < t < 37/4, and 10(1 — sinw?) V for t > 37/4 


Four diodes are utilized for the full-wave bridge of Fig. 2-48. Assuming that the diodes are ideal and that 
vs = V,, Sinwt, (a) find the output voltage v; and (0) find the average value of v,. 
Ans. (a) UL = Val sin ot| V; (d) Vio = 2V,,/% 


A shunt filter capacitor (see Example 2.13) is added to the full-wave rectifier of Problem 2.50. Show that the 
ripple factor is given by F,, = 2/(4fR,C — 1) © 1/2fR,C. 


Add a 470 uF filter capacitor across points a, b in the full-wave rectifier circuit of Fig. 2-48. If R, = 1kQ 
and vs = 120V/2sin(120zt) V, use SPICE methods to determine (a) the magnitude (peak-to-peak) of the 
output ripple voltage and (b) the average value of output voltage. (Netlist code available at author 
website.) Ans. (a) Avy, =2.79V;  (b) Vio = 168.34 V 


The level-discriminator circuit (Fig. 2-49) has an output of zero, regardless of the polarity of the input signal, 
until the input reaches a threshold value. Above the threshold value, the output duplicates the input. Such 
a circuit can sometimes be used to eliminate the effects of low-level noise at the expense of slight distortion. 
Relate v, to v; for the circuit. 

Ans. VU, = v,(1 — A/|v;|) for |v;| > A, and 0 for |v;| < A 


Fig. 2-49 
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2.55 


2.56 


2.57 


2.58 


2.59 


2.60 


The diode of Fig. 2-39(a) is reversed, but all else remains the same. Write an equation relating v and i when 
(a) the switch is open and (bh) the switch is closed. 
Ans. (a) v=RG+D; (6) v= RG+D fori <J,andv=0 fori>J 


The Zener diode in the voltage-regulator circuit of Fig. 2-45 has vz = Vz = 18.6 V at a minimum i7 of 
ISmA. If V, = 2443 Vand R, varies from 250Q to2kQ, (a) find the maximum value of Ry to maintain 
regulation and (b) specify the minimum power rating of the Zener diode. 

Ans. (a) 26.82; (b) 4.65W 


The regulator circuit of Fig. 2-45 is modified by replacing the Zener diode with two Zener diodes in series to 
obtain a regulation voltage of 20V. The characteristics of the two Zeners are 

Zener 1: Vz =9.2V for 15 < iz < 300mA 

Zener 2: Vz =10.8V for 12 < iz < 240mA 
(a) if i, varies from 10mA to 90mA and JV, varies from 22 V to 26 V, size Rs so that regulation is preserved. 
(b) Will either Zener exceed its rated current? 
Ans. (a) 19.62;  (b) for V, = 26V, iz; = iz. = 296mA, which exceeds the rating of Zener 2 


The two Zener diodes of Fig. 2-50 have negligible forward drops, and both regulate at constant Vz for 
50mA <iz <500mA. If R; = Rp = 10Q, Vz; =8V, and Vz =5V, find the average value of load 
voltage when v; is a 10-V square wave. Ans. 0.75V 


Fig. 2-50 


The Zener diode of Problem 2.31 is used in a simple series circuit consisting of a variable dc voltage source 
Vs, the Zener diode, and a current-limiting resistor R= 1kQ. (a) Find the allowable range of Vs for which 
the Zener diode is safe and regulation is preserved. (b) Find an expression for the power dissipated by the 
Zener diode. Ans. (a) 10.2V<Vs5 <55.2V; (6) Pp = Vz(Vs — Vz)/R 


The varactor diode is designed to operate reverse-biased and is manufactured by a process that increases the 
voltage-dependent depletion capacitance or junction capacitance C;. A varactor diode is frequently con- 
nected in parallel with an inductor L to form a resonant circuit for which the resonant frequency, 
fr=l /2n,/LC;, is voltage-dependent. Such a circuit can form the basis of a frequency modulation (FM) 
transmitter. A varactor diode whose depletion capacitance is C= 107''/(1 — 0.75up)'” F is connected in 
parallel with a 0.8-wH inductor; find the value of vp required to establish resonance at a frequency of 
100 MHz. Ans. Up = —11.966V 


An LED with luminous intensity described by (/) of Problem 2.32 is modeled by the piecewise-linear 
function of Fig. 2-11(5), with Re =3Q and V;=1.5V. Find the maximum and minimum luminous 
intensities that result if the LED is used in a series circuit consisting of the LED, a current-limiting resistor 
R= 125Q, and a source vg = 5+ 1.13 sin0.1¢V. (Note: Since the period of vs exceeds | minute, it is logical 
to assume that luminous intensity follows ip without the necessity to consider the physics of the light- 
emitting process.) Ans. Tymax = 1.798 mcd, I, min = 0.9204 med 


Characteristics of 
Bipolar Junction 
Transistors 


3.1. BJT CONSTRUCTION AND SYMBOLS 


The bipolar junction transistor (BJT) is a three-element (emitter, base, and collector) device made 
up of alternating layers of n- and p-type semiconductor materials joined metallurgically. The 
transistor can be of pnp type (principal conduction by positive holes) or of npn type (principal 
conduction by negative electrons), as shown in Fig. 3-1 (where schematic symbols and positive current 
directions are also shown). The double-subscript notation is utilized in labeling terminal voltages, so 
that, for example, vgz symbolizes the increase in potential from emitter terminal E to base terminal B. 
For reasons that will become apparent, terminal currents and voltages commonly consist of super- 
imposed de and ac components (usually sinusoidal signals). Table 3-1 presents the notation for 
terminal voltages and currents. 


Table 3-1 


Symbol 


Type of Value Variable Subscript Examples 


total instantaneous lowercase | uppercase igs UpE 


de uppercase | uppercase Tz, Vee 


quiescent-point uppercase | uppercase plus Q | Igo, Vez 


ac instantaneous lowercase | lowercase ths Ube 


rms uppercase | lowercase Th, Vie 


maximum (sinusoid) | uppercase | lowercase plus m | Ip, Viem 
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Example 3.1. In the npn transistor of Fig. 3-1(a), 10° holes/jzs move from the base to the emitter region while 10'° 
electrons/uws move from the emitter to the base region. An ammeter reads the base current as ig = 16yuA. 
Determine the emitter current i; and the collector current ic. 


Emitter Collector Emitter Collector 
n p n Dp n Dp 
(E) (C) (E) (C) 
Base Base 
(B) (B) 
lg Ic lp I 


f il 


(a) npn Transistor (b) pnp Transistor 


Fig. 3-1 


The emitter current is found as the net rate of flow of positive charge into the emitter region: 


ig = (1.602 x 107? C/hole)(10!* holes/s) — (—1.602 x 107! C/electron)(10!° electrons/s) 
= 1.602 x 107° + 1.602 x 107? = 1.618mA 


Further, by KCL, 
ic = ig — ip = 1.618 x 10-7 — 16 x 107° = 1.602mA 


3.2, COMMON-BASE TERMINAL CHARACTERISTICS 


The common-base (CB) connection is a two-port transistor arrangement in which the base shares a 
common point with the input and output terminals. The independent input variables are emitter current 
ig and base-to-emitter voltage vgg. The corresponding independent output variables are collector 
current ic and base-to-collector voltage vcg. Practical CB transistor analysis is based on two experi- 
mentally determined sets of curves: 


1. Input or transfer characteristics relate ig and vgg (port input variables), with vcg (port output 
variable) held constant. The method of laboratory measurement is indicated in Fig. 3-2(a), and 
the typical form of the resulting family of curves is depicted in Fig. 3-2(d). 


2. Output or collector characteristics give ic as a function of veg (port output variables) for con- 


stant values of iz (port input variable), measured as in Fig. 3-2(a). Figure 3-2(c) shows the 
typical form of the resulting family of curves. 


3.3. COMMON-EMITTER TERMINAL CHARACTERISTICS 


The common-emitter (CE) connection is a two-port transistor arrangement (widely used because of 
its high current amplification) in which the emitter shares a common point with the input and output 
terminals. The independent port input variables are base current ig and emitter-to-base voltage vg-, and 
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ig=5mA 


Active region 
Saturation 
region 


—5 


Upp V 


Cutoff region 
(b) (c) 


Fig. 3-2, Common-base characteristics (pnp, Si device) 


the independent port output variables are collector current ic and emitter-to-collector voltage ucg. Like 
CB analysis, CE analysis is based on: 


1. Input or transfer characteristics that relate the port input variables iz and vgg, with vcg held 
constant. Figure 3-3(a) shows the measurement setup, and Fig. 3-3() the resulting input 
characteristics. 


2. Output or collector characteristics that show the functional relationship between port outport 
variables ic and ucg for constant ig, measured as in Fig. 3-3(a). Typical collector characteristics 
are displayed in Fig. 3-3(c). 


3.4. BJT SPICE MODEL 


The element specification statement for a BJT must explicitly name a model even if the default model 
parameters are intended for use. The general form of the transistor specification statement is as follows: 


Q--++n, Ny nz, model name 


Nodes 7,7”, and n3 belong to the collector, base, and emitter, respectively. The model name is an 
arbitrary selection of alpha and numeric characters to uniquely identify the model. Positive current and 
voltage directions for the pnp and npn transistors are clarified by Fig. 3-4. 

In addition, a. MODEL control statement must be added to the netlist code. This control statement 
specifies whether the transistor is pnp or npn and thus has one of the following two forms: 
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(4) 
ic, mA 
: Saturation region 
ip = 80 uA 
70 
60 
50 


Active region 


0.7 Up V Cutoff region UcE: V 
(b) (c) 


Fig. 3-3. Common-emitter characteristics (npn, Si device) 


(a) npn Transistor (b) pnp Transistor 


Fig. 3-4 


-MODEL model name PNP (parameters) 
.MODEL model name NPN (parameters) 


If the parameter field is left blank, default values are assigned. Non-default desired parameter specifica- 
tions are entered in the parameter field using the format parameter name = value. Specific parameters 
that are of concern in this book are documented by Table 3-2. 

All parameter values are entered with positive values regardless of whether the transistor is pnp or 
npn. Two transistor models will be used in this chapter—generic model and default model—as intro- 
duced in Example 3.2. 
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Table 3-2 


Parameter Description Major Impact 


saturation current + Is, | Verq 
high current roll-off \ Ikf, J Ic 
base-collector leakage + Isc, t Ic 


forward current gain + Bf, t Ic 


reverse current gain + Br, t rev. Ic 
base resistance * Rb, | dip/dvge 
collector resistance * Re, t Veksat 


forward Early voltage L Va, t dic /dt 
base-collector capacitance | high freq. response 


base-emitter capacitance high freq. response 


Example 3.2. Use SPICE methods to generate the CE collector characteristics for an npn transistor characterized 
by (a) the default parameter values and (b) a reasonable set of values for the parameters appearing in Table 3-2. 


(a) Figure 3-5(a) shows a connection method to obtain data for the collector characteristics. The netlist code that 
follows will generate the desired data for default parameter values. 


Ex3_2.CIR 
Ib010uA 
Q210QNPN 
*Q 210 QNPNG 
vc 200V 


-MODEL QNPN NPN() ; Default BUT 

* MODEL QONPNG NPN (Is=10fA Ikf=150mA Isc=10fA Bf=150 
*+ Br=3 Rb=lohm Rc=lohm Va=30V Cjc=10pF Cje=15pF) 
-DC VC OV 15V 1V Ib OuA 150uA 25uA 

.- PROBE 

- END 


Execute (Ex3_2.CIR) and use the Probe feature of PSpice to produce the collector characteristics for the default 
BJT model (QNPN or QPNP) shown by Fig. 3-5(d). 
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iB=150 uA 


_iB=150 uA | 


Ov 5Vv 10 Vv i5v ov 5Vv 10Vv 15v 
a Ic(Q) a IC(Q) 
vc ve 


(5) (c) 


(b) Edit (Ex3_2.CIR) to move the leading asterisks up one position on both the transistor specification statement 
and the .MODEL statements. Execute the revised (Ex3_2.CIR) and use the Probe feature of PSpice to produce 
the collector characteristics for the generic BJT model (QNPNG or QPNPG) as displayed by Fig. 3-5(c). 


Example 3.3. Apply SPICE methods to determine the CE transfer characteristics for the generic npn transistor 
(QNPNG). 

Figure 3-6(a) presents the connection method chosen for determination of the transfer characteristics. The 
associated netlist code follows: 


Fig. 3-6 
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Ex3_3.CIR 
Vbe 100V 
Q2 10QNPNG 
Ve 201V 


. MODEL QNPNG NPN (Is=10fA Ikf=150mA Isc=10fA Bf=150 
+ Br=3 Rb=lohm Rc=1lohm Va=30V Cjc=10pF Cje=15pF) 
.DC Vbe OV 2V 0.01V Vc OV 2V 0.2V 

- PROBE 

- END 


Execution of (Ex3_3.CIR) and use of the Probe feature of PSpice yields the desired transfer characteristics 
displayed by Fig. 3-6(b). 


Example 3.4. Using SPICE methods, determine the CB collector characteristics for the generic pnp transistor 
(QPNPG). 
Figure 3-7(a) shows the circuit for use in the determination. The netlist code below describes that circuit. 


100 mA ionisation eee cle ee 5 

if 
I f 
\ \ 
! 1 
1§ 1 
i] i 1 
tf \ 
1 [7 2. 4 
i) j 1 
@ @ | | ; 
ve) td f 
1 ff t 
+ 50 mA L..f $ 
I. i ial Veg : i 
= if i 
1 1 
| f 
if | 
_ a nse are a ee 
@ fi 
i) 1 
(a) ‘{¢—_—— 4 
t i 
if ' 
SS 

o ask 


any 
< 
t 
a 
el 
< 
1 
rey 
w 
<41L__ 


Veb 
(b) 
Fig. 3-7 


Ex3_4.CIR 
Ie O010mA 
Q2 01QPNPG 
Vceb 200V 


. MODEL QPNPG pnp (Is=10fA Ikf=150mA Isc=10fA Bf=150 
+ Br=3 Rb=lohm Rc=1lohm Va=30V Cjc=10pF Cje=15pF) 
-DC Vcb 1V -15V 1V Te OmA 100mA 10mA 

- PROBE 

- END 


Execution of (Ex3_4.CIR) and use of the Probe feature of PSpice results in the desired CB collector character- 
istics of Fig. 3-7(b). 
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3.5. CURRENT RELATIONSHIPS 


The two pn junctions of the BJT can be independently biased, to result in four possible transistor 
operating modes as summarized in Table 3-3. A junction is forward-biased if the m material is at a lower 
potential than the p material, and reverse-biased if the n material is at a higher potential than the p 
material. 


Table 3-3 


Emitter-Base | Collector-Base Operating 
Bias Bias Mode 


forward forward saturation 


reverse reverse cutoff 


reverse forward inverse 
forward reverse linear or active 


Saturation denotes operation (with |ucg| © 0.2 V and |vgc| + 0.5 V for Si devices) such that max- 
imum collector current flows and the transistor acts much like a closed switch from collector to emitter 
terminals. [See Figures 3-2(c) and 3-3(c).] 

Cutoff denotes operation near the voltage axis of the collector characteristics, where the transistor 
acts much like an open switch. Only leakage current (similar to J, of the diode) flows in this mode of 
operation; thus, ic = Icg9o © 0 for CB connection, and ic = I¢gg © 0 for CE connection. Figures 3-2(c) 
and 3-3(c) indicate these leakage currents. 

The inverse mode is a little-used, inefficient active mode with the emitter and collector interchanged. 

The active or linear mode describes transistor operation in the region to the right of saturation and 
above cutoff in Figs. 3-2(c) and 3-3(c); here, near-linear relationships exist between terminal currents, 
and the following constants of proportionality are defined for dc currents: 


| ee 
o(= hipp) = (3.1) 
E 
a Ic -I¢ 
AE hes) = 7 = (3.2) 
—-a Tz 


where the thermally generated leakage currents are related by 
Tero = (B+ WIczo (3.3) 


The constant a < | is a measure of the proportion of majority carriers (holes for pnp devices, electrons 
for npn) injected into the base region from the emitter that are received by the collector. Equation (3.2) 
is the dc current amplification characteristic of the BJT: Except for the leakage current, the base current 
is increased or amplified 6 times to become the collector current. Under de conditions KCL gives 


Ip =Ic+ Ip (3.4) 


which, in conjunction with (3./) through (3.3), completely describes the dc current relationships of the 
BJT in the active mode. 


Example 3.5. Determine a and £ for the transistor of Example 3.1 if leakage currents (flow due to holes) are 
negligible and the described charge flow is constant. 


78 CHARACTERISTICS OF BIPOLAR JUNCTION TRANSISTORS [CHAP. 3 


If we assume J¢g9 = Icgo = 0, then 


is Gp ig:< 1602 = 0.016 


ioe = = 0.99 
ra ges 1.602 Y 
ic ig —ig 1.602 —0.016 
and wee = = 99.125 
on Oe aie 0.016 


Example 3.6. A BJT has a = 0.99, ig = Ip = 25 WA, and Ic¢go = 200nA. Find (a) the de collector current, (5) the 
dc emitter current, and (c) the percentage error in emitter current when leakage current is neglected. 


(a) With w = 0.99, (3.2) gives 


Using (3.3) in (3.2) then gives 


To = Blp + (B+ Vl cgo = 99(25 x 107%) + (99 + 1)(200 x 107°) = 2.495mA 
(b) The de emitter current follows from (3./): 


To—Icro 2.495 x 1073 — 200 x 107° 


Ig . 0.99 = 2.518mA 
(c) Neglecting the leakage current, we have 
Ic 2.475 
To = Bly = 99(25 x 107°) = 2.475mA so Ip == Fog = 2-5mA 
a : 


giving an emitter-current error of 


2.518 — 


2.5 
0 0 
551g (100%) = 0.71% 


3.6. BIAS AND DC LOAD LINES 


Supply voltages and resistors bias a transistor; that is, they establish a specific set of de terminal 
voltages and currents, thus determining a point of active-mode operation (called the quiescent point or QO 
point). Usually, quiescent values are unchanged by the application of an ac signal to the circuit. 

With the universal bias arrangement of Fig. 3-8(a), only one de power supply (Vcc) is needed to 
establish active-mode operation. Use of the Thévenin equivalent of the circuit to the left of a, b leads to 
the circuit of Fig. 3-8(5), where 


— RR, _ 
Ri +R, Ox, Re Re 
If we neglect leakage current so that Izg = (6 + 1)Igo and assume the emitter-to-base voltage Vgrg 


is constant (+ 0.7 V and © 0.3 V for Si and Ge, respectively), then KVL around the emitter loop of Fig. 
3-8(b) yields 


Rg Voc (3.5) 


B+1 


which can be represented by the emitter-loop equivalent bias circuit of Fig. 3-8(c). Solving (3.6) for Igg 
and noting that 


Vie 


Regt Veco + LeoRe (3.6) 


Te 
Bia es 


we obtain 


Vee — Veco 
Leo & [gg = — 3. 
co © leo = RYT) + Re ee 
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@@ + ec 


+Veco 


Ry Re Re 
©) is 
© 
+ 
R Ver 
| Tro \ Tro Ee BEQ 
R, 
Rr Re Vez = Rr 
Os 
(a) (b) (c) 
Fig. 3-8 
If component values and the worst-case 6 value are such that 
Rp Re 
~—-<«R 3.8 
sci Oe (3.8) 


then gg (and thus /¢g) is nearly constant, regardless of changes in ; the circuit then has B-independent 
bias. 

From Fig. 3-3(c) it is apparent that the family of collector characteristics is described by the 
mathematical relationship ic = f(vcg, iz) with independent variable vcg and the parameter ig. We 
assume that the collector circuit can be biased so as to place the Q point anywhere in the active region. 
A typical setup is shown in Fig. 3-9(a), from which 


Vero . Voc 
I wW= + 
ed Rac Rac 
Thus, if the dc load line, 
vce, Vec 
ic= + (3.9) 
. Rac Rac 
and the specification 


are combined with the relationship for the collector characteristics, the resulting system can be solved 
(analytically or graphically) for the collector quiescent quantities J¢g and Vcgo. 


Example 3.7. For the transistor circuit of Fig. 3-8(a), R; = 1kQ, Ry = 20kQ, Re =3kQ, Rez = 10Q, and 
Veco =15V._ If the transistor is the generic npn transistor of Example 3.3, use SPICE methods to determine the 
quiescent values Ig9, Vggg, Ico, and Vcgg. 

The netlist code below models the circuit. 
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(a) 


ic, mA 


DC load line (Example 3.8) 


ot 


(b) 


Fig. 3-9 
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EX3_7.CIR- CE quiescent values 
Rl 0O11kohm 

R2 2120kohm 

RC 23 3kohm 

RE 40 100hm 

vcc 20 15V 


Q3 14 QNPNG 

. MODEL QNPNG NPN (Is=10fA Ikf=150mA Isc=10fA B£f=150 
+ Br=3 Rb=lohm Rc=lohm Va=30V Cjc=10pF Cje=15pF) 
-DC vcc 15V 15V 1V 

- PRINT DC IB(Q) IC(Q) V(1,4) V(3,4) 

- END 


Execute (Ex3_7.CIR) and poll the output file to find 


vec IB(Q) Ic(Q) v(1,4) v(3,4) 


1.500E+01 1.428E-05 2.575E-03 6.748E-01 7.252E+00 


where gq = IBQ), Ico = IC(Q), Vag = VU, 4), and Vegg = VO3, 4). 


Example 3.8. The signal source switch of Fig. 3-9(a) is closed, and the transistor base current becomes 
ig = Igo + ip = 40 + 20sin ot pA 


The collector characteristics of the transistor are those displayed in Fig. 3-9(b). If Vecg = 12 V and Ry, = 1kQ, 
graphically determine (a) I¢g and Vegg, (b) i, and v,., and (c) Myg(= B) at the Q point. 


(a) The dc load line has ordinate intercept Vec/ Rg, = 12 mA and abscissa intercept Vcc = 12 V and is constructed 
on Fig. 3-9(5). The Q point is the intersection of the load line with the characteristic curve ig = Igg = 40 WA. 
The collector quiescent quantities may be read from the axes as Icg = 4.9mA and Vcegg = 7.2 V. 


(b) A time scale is constructed perpendicular to the load line at the Q point, and a scaled sketch of i, = 20 sin wt uA 
is drawn [see Fig. 3-9(b)] and translated through the load line to sketches of i, and u,.. As i, swings +20 wA 
along the load line from points a to b, the ac components of collector current and voltage take on the values 


i, =2.25sinat mA and Ue = —2.37sinat V 
The negative sign on v,, signifies a 180° phase shift. 
(c) From (3.2) with Ic¢gg = 0 [the ig = 0 curve coincides with the vc, axis in Fig. 3-9(5)], 


Icg _ 4.9 x 103 
Tao 40 x 10-6 


= 122.5 


hee 
It is clear that amplifiers can be biased for operation at any point along the dc load line. Table 3-4 


shows the various classes of amplifiers, based on the percentage of the signal cycle over which they 
operate in the linear or active region. 


Table 3-4 


Percentage of Active-Region 
Signal Excursion 


100 

between 50 and 100 
50 

less than 50 
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3.7. CAPACITORS AND AC LOAD LINES 


Two common uses of capacitors (sized to appear as short circuits to signal frequencies) are illu- 
strated by the circuit of Fig. 3-10(a). 


© 9+ Voc 


(b) 


Fig. 3-10 


Coupling capacitors (Cc) confine de quantities to the transistor and its bias circuitry. 


2. Bypass capacitors (C;) effectively remove the gain-reducing emitter resistor Rz insofar as ac 
signals are concerned, while allowing R; to play its role in establishing 6-independent bias 
(Section 3.6). 


The capacitors of Fig. 3-10(a) are shorted in the circuit as it appears to ac signals [Fig. 3-10(5)]._ In 
Fig. 3-10(a), we note that the collector-circuit resistance seen by the de bias current Ic¢g(* Igg) 1s 
Rac = Ro + Re. However, from Fig. 3-10(4) it is apparent that the collector signal current i, sees a 
collector-circuit resistance R,. = RcR,/(Rco + R,). Since Ra. # Rye in general, the concept of an ac 
load line arises. By application of KVL to Fig. 3-10(5), the v-i characteristic of the external signal 
circuitry is found to be 


Vee = te Rac (3.11) 
Since i, = i¢ — Icg and Vee = UcE — Vegg, (3.1) can be written analogously to (3.9) as 
. UCE Vceo 
= t tL, 12 
ae a a 


All excursions of the ac signals i, and v,, are represented by points on the ac load line, (3./2). If the 
value ic = Icg is substituted into (3.12), we find that ucg = Vcgg; thus, the ac load line intersects the dc 
load line at the Q point. 


Example 3.9. Find the points at which the ac load line intersects the axes of the collector characteristic. 
The ic intercept (i¢ max) is found by setting vcg = 0 in (3.12): 
V ceo 


ic max = 
an R 
ac 


slay (3.13) 


The vc, intercept is found by setting i¢ = 0 in (3.12): 
UCE max = Vcro + TcoRac (3.14) 


CHAP. 3] CHARACTERISTICS OF BIPOLAR JUNCTION TRANSISTORS 83 


3.1 


3.2 


3.3 


3.4 


Solved Problems 


For a certain BJT, 6 = 50, Ic¢z9 = 3 uA, and Ic = 1.2mA. Find J, and J,. 
By (3.2), 


To-Iceq 1.2 x 107? =—3 x 10°% 


= 23.94 uA 
B 50 . 


In = 


And, directly from (3.4), 
Tp = Ie + Tp = 1.2 x 1077 — 23.94 x 107° = 1.224mA 


A Ge transistor with 6 = 100 has a base-to-collector leakage current I¢g9 of SuA. If the 
transistor is connected for common-emitter operation, find the collector current for 


(a) Ip=Oand (b) Ip =40WA. 
(a) With Jz = 0, only emitter-to-collector leakage flows, and, by (3.3), 

Tero = (B+ Dicgo = (100 + 1)(5 x 107°) = 505 nA 
(b) If we substitute (3.3) into (3.2) and solve for Jc, we get 


Ic = Blp + (B+ VIcao = (100)(40 x 107°) + (101)(5 x 107°) = 4.505mA 


A transistor with a = 0.98 and Jogo = 5 A is biased so that Igg = 100 uA. Find Ic¢g and Igg. 


By (3.2) and (3.3), 
a 0.98 
p l-a 1-—0.98 
so that Tero = (B+ Di ceo = (49 + 1)(5 x 107°) = 0.25mA 


49 


And, from (3.2) and (3.4), 
Icq = Blo + Iceo = (49)(100 x 107°) + 0.25 x 1077 = 5.15mA 
Teg = Icq + Ipg = 5.15 x 10-7 + 100 x 10-6 = 5.25mA 


The transistor of Fig. 3-11 has w = 0.98 and a base current of 30uA. Find (a) B, (6) Ico, 
and (c) Igg. Assume negligible leakage current. 


Fig. 3-11 
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3.5 


3.6 


3.7 
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a 0.98 
l-a 1-—0.98 
(b) From (3.2) with Ic¢zo = 0, we have I¢g = BIgg = (49)(30 x 10-°) = 1.47mA. 
(c) From (3.1) with Ic¢g9 = 0, 


(a) B 49 


Tey, 1 
boa SS = md 
£0 ~~y ~ 0.98 = 


[CHAP. 3 


The transistor circuit of Fig. 3-11 is to be operated with a base current of 40 uA and Vgz = 6V. 
The Si transistor (Vgz9 = 0.7 V) has negligible leakage current. Find the required value of Rg. 


By KVL around the base-emitter loop, 
Ves—Veco  6—0.7 


Vee =1e0Re + Veco so that Rzg= a 40 x10~ 


In the circuit of Fig. 3-11, 6 = 100, Ig9 = 20 uA, Vec = ISV, and Ro = 3kQ. If Iego = 0, find 
(a) Igg and (b) Vcgg. (c) Find Vcgg if Rc is changed to 6kQ and all else remains the same. 


B 100 
=——_ =—_ = 0.9901 

(@) “~B4+1~ 101 a 

Now, using (3.2) and (3./) with I¢g9 = Iceo = 0, we get 


Ico = Blzq = (100)(20 x 10°) =2mA 


Ico 2107 
ane tro =~ = "0.9901 


(b) From an application of KVL around the collector circuit, 


Vero = Veo — Ice = 15 — 2)3) = 9 V 


= 2.02mA 


(c) If Jgg is unchanged, then Jcg is unchanged. The solution proceeds as in part 5: 


V ceo = Voc = TcoRc = 15 = (2)(6) = 3V 


The transistor of Fig. 3-12 is a Si device with a base current of 40 wA and J¢g9 = 0. If Vgg = 6V, 
Re = 1k, and B= 80, find (a) Igg and (6) Rg. (c) If Veco = 15 V and Rc = 3kQ, find 


Vo ‘EQ: 


Fig. 3-12 
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3.8 


3.9 


3.10 


a = “ = 0.9876 


Then combining (3./) and (3.2) with I¢g9 = Iceo = 0 gives 


(a) a= 


; Ipg _ 40 x 107° 
#0 1a 1—0.9876 


(b) Applying KVL around the base-emitter loop gives 


= 3.226mA 


V pp = IpoRp t+ Vero + legRe 
or (with Vgzo equal to the usual 0.7 V for a Si device) 


Vee — Vero —leoRe _ 6 — 0.7 — (3.226)(1) 


= 51.85kQ 
Tao 40 x 10-6 


Rz= 
(c) From (3.2) with Icgo = 0, 
Ico = Blgg = (80)(40 x 10°) = 3.2mA 


Then, by KVL around the collector circuit, 
Vora = Veco — TeoRe — IcoRc = 15 — (3.226)(1) — (3.2)(3) = 2.174 V 


Assume that the CE collector characteristics of Fig. 3-9(b) apply to the transistor of Fig. 3-11. If 
Tpq = 20 WA, Vero = 9V, and Veco = 14V, find graphically (a) I¢g, (6) Rc, (©) Jeo, and 
(d) B if leakage current is negligible. 

(a) The Q point is the intersection of ig = Igg = 20 uA and vcg = Vcgg =9V. The dc load line must pass 


through the Q point and intersect the vcg axis at Vec = 14V. Thus, the de load line can be drawn on 
Fig. 3-9(b), and Icg = 2.25mA can be read as the ic coordinate of the Q point. 


(b) The ic intercept of the de load line is Vec/Rae = Vec/Rc, which, from Fig. 3-9(b), has the value 
6.5mA; thus, 


Vise 14 
~65x103 65x 103 
(c) By (3.4), Ino = Ico + Ing = 2.25 x 1079 + 20 x 1076 = 2.27mA. 
(d) With Icgo = 0, (3.2) yields 


Re 2.15kQ 


Icg 2.25 x 1073 
Tzo ~ 20 x 10-6 


p= = 112.5 


In the pnp Si transistor circuit of Fig. 3-13, Rg = 500kQ, Re =2kQ, Re =0, Veco = 15V, 
Topo = 20 wA, and B = 70. Find the Q-point collector current Jcg. 


By (3.3), Iceo = (B+ VI ezo = (70 + 1)(20 x 107°) = 1.42mA. Now, application of the KVL around 
the loop that includes Vcc, Rg, Re(= 0), and ground 


Veo—Veeq — 15—0.7 
Rg ~ 500 x 10 


Voc — Vero + Tp Rp so that Tao = 3 = 28.6 pA 


Thus, by (3.2), 
Icg = Blagg + Iceo = (70)(28.6 x 107°) + 1.42 x 107? = 3.42mA 


The Si transistor of Fig. 3-14 is biased for constant base current. If B= 80, Vcgg =8V, 
Re = 3kQ, and Veg = 15V, find (a) Icg and (b) the required value of Rg. (c) Find Rg if 
the transistor is a Ge device. 
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Fig. 3-13 Fig. 3-14 


(a) By KVL around the collector-emitter circuit, 


I — Vee — Vero _ 15-8 
ce R. 3 x 10 


(b) If leakage current is neglected, (3.2) gives 


1, — feo _2:333 x ig” 
5B 80 


= 29.16 4A 


Since the transistor is a Si device, Vggg = 0.7 V and, by KVL around the outer loop, 


Veo—Vaeg _ 15-0.7 


Rzp= 5 = 490.4kQ 
Ey) 29.16 x 107 
(c) The only difference here is that Vgzg = 0.3 V; thus 
15— 0.3 
a= Sieeiot 


3.11. The Si transistor of Fig. 3-15 has a= 0.99 and I¢g9 =0. Also, Veg =4V and Veco = 12V. 
(a) If Tro =1.1 mA, find Rg. (b) If V cro =-7 V, find Re. 


(a) By KVL around the emitter-base loop, 


_ Veet+Veco _ 4+(-0.7) | 
Trg 11x 10-7 


E 
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(6) By KVL around the transistor terminals (which constitute a closed path), 


Veso = Vcro — Vero = —7 — (-0.1) = -6.3V 


With negligible leakage current, (3./) gives 
Ico = algg = (0.99)(1.1 x 1077) = 1.089 mA 
Finally, by KVL around the base-collector loop, 


Veco + Vero 12-63 
Ico ~ 1.089 x 10-3 


Ro= = 5.234kQ 


3.12 Collector characteristics for the Ge transistor of Fig. 3-15 are given in Fig. 3-16. If Veg =2V, 
Voc = 12V, and Rc = 2kQ, size Rg so that Vozg = —6.4V. 


ic, mA 


bs 6mA 
RS SmA 
EN sah 
j Ee Q 3 Ai, for fj 
Aic for hy, rene argent NOS OT mA ig for hy, 
ES Aic for ho, 
Av cz for hy, LX Saad 
a: 1mA 
as 
2 0 -2 -4 -6 -8 -10 -i2 -14 -16 -18 -20 Uc, V 
Fig. 3-16 
We construct, on Fig. 3-16, a dc load line having vcg intercept —Vcc =—12V and ic intercept 


Vec/Rc =6mA._ The abscissa of the Q point is given by KVL around the transistor terminals: 


Verso = Vero — Varo = —6.4 — (—0.3) = -6.1V 


With the Q point defined, we read [zg = 3mA from the graph. Now KVL around the emitter-base loop 

leads to 

Vee+Verq _2+(—0.3) 
Teo ~ 3x 103 


Rz= = 566.72 


3.13. The circuit of Fig. 3-17 uses current- (or shunt-) feedback bias. The Si transistor has [cg ¥ 0, 
Versa © 0, and Ape = 100. If Re =2kQ and Vee = 12V, size Re for ideal maximum symme- 
trical swing (that is, location of the quiescent point such that Vezg = Vec/2). 
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Fig. 3-17 


Application of KVL to the collector-emitter bias circuit gives 


Uso + Ico)Rc = Vec — Vex 
With Icg = hreIgo, this leads to 


Veo —Ve 12-6 
Ing == = <= 29.7 nA 
(heg +1)Rc (100 + 1)(2 x 10°) 
Then, by KVL around the transistor terminals, 
Vero — V, 6—0.7 
Rp =O __*#0 a 178.5kQ 


Tzo ~ 29.7 x 1078 


3.14 For the amplifier of Fig. 3-17, Co =100uF, Rp = 180kQ, Rp =2kQ, Rs = 100kQ, 
Voc = 12V, and vs = 4sin(20 x 10°t)V. The transistor is described by the default npn 
model of Example 3.2. Use SPICE methods to (a) determine the quiescent values 
(go: !co: Veco, Vcreo) and (6) plot the input and output currents and voltages (vs, ig, vz, iz). 


(a) The netlist code that follows models the circuit: 


Prb3_14.CIR- CE amplifier 

vS 10SIN(OV 4V 10kHz) 

RS 12 100kohm 

CC1 2 3 100uF 

Q 430 QNPN 

F 34180kohm 

C 45 2kohm 

cc5012V 

C2 46 100uF 

L 60 2kohm 

-MODEL QNPN NPN() ; Default transistor 
-D¢ vec 12V 12V IV 

- PRINT DC IB(Q) IC(Q) V(3) V(4) 
- TRAN lus O0.1ms ; Signal values 
. PROBE 

.- END 


Execute (Prb3_14.CIR) and poll the output file to find Jgg = IB(Q)=29.3uA, Icg = 
IC(Q) = 2.93mA, Vgzo = V(3) = 0.80 V, and Verg = V(4) = 6.08 V. Since Vero ~ Vec/2, the tran- 
sistor is biased for maximum symmetrical swing. 
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3.15 


3.16 


(b) The Probe feature of PSpice is used to plot is, i,, vs, and v, as displayed by Fig. 3-18. Notice the 180° 
phase shift between input and output quantities. 


a V(6) © V(1) 
Time 


Fig. 3-18 


Find the value of the emitter resistor Rz that, when added to the Si transistor circuit of Fig. 3-17, 
would bias for operation about Vegg =5V. Let Ico = 0, B = 80, Rr = 220kQ, Re = 2kQ, 
and Vec =12V. 


Application of KVL around the transistor terminals yields 


Vero — Vergo — 5—9.7 
Re 220 x 10 


Ino = 7 = 19.545 uA 


Since leakage current is zero, (3./) and (3.2) give Izg = (B+ 1)Icg; thus KVL around the collector circuit 
gives 


Uso + Blzo)Rc + (B+ IsoRe = Veco — Veo 


_ Veo — Vero — (B+ WlsoRe _ 12 — 5 — (80 + 1)(19.545 x 10~°)(2 x 10°) 
(B+ DIzo (80 + 1)(19.545 x 107°) 


so Re = 2.42k2 


In the circuit of Fig. 3-12, [gg = 30 WA, Re = 1kQ, Vec = 15 V, and 6 = 80. Find the minimum 
value of Re that will maintain the transistor quiescent point at saturation, if Vega, = 0.2 V, B is 
constant, and leakage current is negligible. 


We first find 


B80 
wi a hg 0876 
o> el: eS 


90 


3.17 


3.18 
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Then the use of (3.2) and (3./) with negligible leakage current yields 


Ico = Blgo = (80)(30 x 107°) = 2.4mA 
Icg 2.4 x 1073 
a 0.9876 


Now KVL around the collector circuit leads to the minimum value of Rc to ensure saturation: 


Veo — Versa —TegRe — 15 — 0.2 — (2.43)(1) 
Ico 2.4 x 1073 


and Treo = 2.43mA 


& = 5.154kQ 


The Si transistor of Fig. 3-19 has 6 = 50 and negligible leakage current. Let Voc = 18V, 
Veg =4V, Re = 2002, and Ro = 4kQ. (a) Find Rg so that I¢g =2mA. (6) Determine the 
value of Vcgg for Vz of part (a). 


+Vec 
Ro 
B 
Is Rp 
Ry 
G E 
Vee 
Fig. 3-19 
(a) KVL around the base-emitter-ground loop gives 
Vee = IpoRegt+ Veco + leoRe (1) 
Also, from (3./) and (3.2), 
B+1 
Trg = Ico (2) 


Now, using (3.2) and (2) in (/) and solving for Rg yields 


_ BV ee — Veo) (B+)Rz 50(4 — 0.7) 


R 
e Ico 2x 10-3 


(50 + 1)(200) = 72.3kQ 


(b) KVL around the collector-emitter-ground loop gives 


B+1 
Vero = Veco + Vee (Re+ r Re }Ico 


50+1 
= 184+4- (4 x 103 +att 200)(2 x 1073) = 13.59V 


The de current source Jy = 10 wA of Fig. 3-19 is connected from G to node B. The Si transistor 
has negligible leakage current and 6 = 50. If Rg = 75kQ, Re = 200Q, and Rc = 4kQ, find the 
de current-gain ratio I¢g/Is for (a) Veo = 18V and Veg =4V, and (6) Veco = 22V and 
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(a) 


(6) 
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A Thevenin equivalent for the network to the left of terminals B,G has V7, = Rgls and Rr, = Re. 
With the Thévenin equivalent circuit in place, KVL around the base-emitter loop yields 


Reals + Veg = [po Ret Veco + legRe (1) 


Using (3.2) and (2) of Problem 3.17 in (/), solving for J¢g, and then dividing by Js results in the desired 
ratio: 


Ico _ Rels +Vee-—Vero (75 x 10°)(10 x 10°°) +4 —0.7 


Is (F B+l ) 75x10? 50+1 
I;{ —+—— R -6 


= 237.67 (2) 


Note that the value of Vcc must be large enough so that cutoff does not occur, but otherwise it does not 
affect the value of Ico. 


Ver = 0 in (2) directly gives 


I ? ~*) 0. 
CO _ Ose west a ee 
75x 10° 50+1 
—6\)f i= Ae are 
(10 x 10 ( a ot a 200 


Obviously, Vz strongly controls the de current gain of this amplifier. 


3.19 In the circuit of Fig. 3-20, Vee = 12 V, Vs = 2 V, Ro = 4kQ, and Rs = 100kQ. The Ge tran- 
sistor is characterized by B = 50, [cgzq = 0, and Vegeat = 0.2 V. Find the value of Rg that just 
results in saturation if (a) the capacitor is present, and (b) the capacitor is replaced with a short 
circuit. 


(a) 


Application of KVL around the collector loop gives the collector current at the onset of saturation as 


— Veo = Versa — 12 -0.2 2.95mA 
Re 4x 103 


Ico 


With C blocking, /; = 0; hence the use of KVL leads to 


Veo —~ Vero — Veo — Varo _ 12—0.3 


“——_ = 198.3kQ 


Rz= 


Fig. 3-20 
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(b) With C shorted, the application of (3.2), KCL, and KVL results in 


Ic 


Vs — Vee Voc — Veg 
Izq = Bale + Tee = ey 2 


Rs Rg 
Veo — Ver 12—0.3 
so that Rg =5-—, = = 278.6kQ 
Ico Vs—Vero 2.95 x 107 2-0.3 
B Rs 50 100 x 103 


3.20 The Si Darlington transistor pair of Fig. 3-21 has negligible leakage current, and 6, = B, = 50. 
Let Vee = 12 V, Rg = 1kQ, and R; > oo. (a) Find the value of R; needed to bias the circuit so 
that Vcgg2 = 6V. (b) with R, as found in part a, find Veg). 


+ Voc 


Fig. 3-21 


(a) Since Ry > 00, Ip = 0 and Igg; = Ip;. By KVL, 
Veco —Vecrq. — 12-6 


TIro0 = = =6mA 
ED Rp Ixie 
Trg 
Now I = —= I] 
BOQ2 Bo +1 EQ 
I I 6 x 1073 
and Tri = Toi FQ! FQ? a = 2.31 pA 


~Bitl (B+ 1+) (60+ 150+ 1 
By KVL (around a path that includes R,, both transistors, and R;) and Ohm’s law, 


Vai Vcc — Veco: — Vero. — Ieq2Re _ 12-0.7-0.7—(6 x 10~*)(1 x 10°) _ 


= 1.99MQ 
Tri Tri 2.31 x 10 


(b) Applying KVL around a path including both transistors and Rz, we have 


Vora = Vee — Vago — Teg2Re = 12 - 0.7 - (6 x 1079) x 10°) = 5.3V 


3.21. The Si Darlington transistor pair of Fig. 3-21 has negligible leakage current, and 6, = f, = 60. 
Let R, = R = 1IMQ, RE = 500 Q, and Veco =12V. Find (a) Tro2, (b) Vceo2: and (c) Tc: 


(a) A Thévenin equivalent for the circuit to the left of terminals a, b has 


1 x 10° 
ee 12=6V 
™ Ri ER, © 1x 10°41 x 106 
RR 1x 10°)(1 x 10° 
and ae) ea 


Ri +R. 1x 10°+1 x 10° 
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With the Thevenin circuit in place, KVL gives 

Vin = Ipoi Rm + Veco + Verco2 + Leo2Re (1) 
Realizing that 

Tro = (B2 + II go2 = (B2 + 1I)(Bi + IJg01 


we can substitute for Zgg; in (/) and solve for Iggy, obtaining 


(By + 1)(B2 + 1I)\(V im — Veroi — Veeo2) (60 + 1)(60 + 1)(6 — 0.7 — 0.7) 


Tego = = =7.25mA 
g2 Rn, + (B, + (6 + DRe 500 x 103 + (60 + 1)(60 + 1)(500) sa 
(b) By KVL, 
Vergo = Vec — IngyRg = 12 — (7.25 x 10-3)(500) = 8.375 V 
(c) From (3.1) and (3.2), 
Bi Bi By = Tzo2 60 7.25 x 1073 
Ico. = Ino, = Igo = = = 116.9 WA 
CO yt OB +1 Oe Atl fe t1 6O+1 601 i 


3.22 The Si transistors in the differential amplifier circuit of Fig. 3-22 have negligible leakage current, 
and B, = 6) = 60. Also, Re = 6.8kQ, Rg = 10kQ, and Vee = Veg = 15V. Find the value of 
Ry needed to bias the amplifier such that Vegg; = Vcgg2 = 8 V. 


OetVec 


By symmetry, [zg = Izg2. Then, by KCL, 
ig = Teo + Igq2 = 21e01 (1) 


Using (/) and (2) of Problem 3.17 (which apply to the 7, circuit here), along with KVL around the left 
collector loop, gives 


B 
Veet Kes i 


Trg Rc + Vega + 2lrai Re (2) 
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Applying KVL around the left base loop gives 


Troi 
A, +1 


Solving (3) for 2/¢9, Re, substituting the result into (2), and solving for [zg yield 
— (B+ DV ce — Vceoi + Veeo1) «(60 + 1I)15 — 8 + 0.7) 


Vee = Teo Ra + Veco + teRe = 


Rg +Veco1 + 2legi Re (3) 


i =1.18mA 
EQ| BiRo— Rp (60)(6.8 x 10°) — 10 x 10 - 
and, by (3), 
R 10 x 10° 
Vi Vee = —— a 1 O18 x 1073 
R= A +1 i 60 +1 — 5.97kQ 
. 21 1.18 x 10-3) 


3.23 The Si transistor of Fig. 3-23 has negligible leakage current, and B= 100. If Veco =I15V, 
Ver = 4V, RE = 3.3 kQ, and Re =7.1 kQ, find (a) Tao and (b) V cro: 


Vez @ OytVec 


Fig. 3-23 


(a) By KVL around the base-emitter loop, 


Vier —Veeq 4-07 
Rr ~ 3.3 x 10 


Trg = z=1mA 


Then, by (3./) and (3.2), 


Ing 1x 1073 
B+1 100+1 


(b) KVL and (2) of Problem 3.17 yield 


B 
Voeo = Veo + Veg — TegRe — IcoRc = Veo + Vee (ze B+ Rc }lzo 


100 
100+ 1 


=1544- (33% 10° + Tx 10" Ja x 1073) = 8.67V 


3.24 For the transistor circuit of Fig. 3-23, Co = 100uF, Re = 3.3kQ, Rc = 8.1 kQ, Rp = 15kQ, 
Veco = 15V, Veg =4V, and vs = 0.01 sin(2000zt) V. The transistor can be described by the 
generic npn model. Use SPICE methods to (a) determine the quiescent voltage Vcgg and 
(b) plot the input and output currents and voltages. 


(a) The netlist code below describes the circuit. 
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Prb3_24.CIR- CB amplifier 

vs 10SIN(OV 10mV 1kHz) 

ccl 12 100uF 

RE 243.3kohm 

VEE 044V 

Q3 02 QNPNG 

RC 358.1k 

vcc 5015V 

cc2 36 100uF 

RL 6015kohm 

. MODEL QNPNG NPN (Is=10fA Ikf=150mA Isc=10fA B£=150 
+ Br=3 Rb=lohm Rc=1lohm Va=30V Cjc=10pF Cje=15pF) 
-DC VCC 15V 15V 1V 

.PRINT DC V(3,2) 

. TRAN lus lms 

.- PROBE 

.- END 


After executing (Prb3_24.CIR), examine the output file to find Vegg = V(3, 2) = 7.47V. 
Vero = Vcc/2, the transistor is biased for maximum symmetrical swing. 
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Since 


Use the Probe feature of PSpice to plot the input and output currents and voltages as displayed by Fig. 
3-24. Notice that this circuit amplifies the output voltage while the output current is actually less in 
amplitude than the input current. 


3.25. Find the proper collector current bias for maximum symmetrical (or undistorted) swing along the 
ac load line of a transistor amplifier for which Veg.at = [ceo = 0. 


For maximum symmetrical swing, the Q point must be set at the midpoint of the ac load line. 


from (3./3), we want 


1, 1 (Vcr 
Ico 75 IC max = 3( R 2 t reo) 
ac 


Hence, 


) 
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But for a circuit such as that in Fig. 3-9(a), KVL gives 
Vora © Veco — IcoRac (2) 
which becomes an equality if no emitter resistor is present. Substituting (2) into (/), assuming equality, and 


solving for I¢g yield the desired result: 


Voc 
Ico = >—_ 3. 
os Rac ot Rac ( ) 


In the circuit of Fig. 3-8(a), Re = 3002, Rc = 500 Q, Vee = 15 V, 6 = 100, and the Si transistor 
has f-independent bias. Size R, and Ry for maximum symmetrical swing if Vegsat © 0. 
For maximum symmetrical swing, the quiescent collector current is 


/ L “Vee 15 
“OT ORe+Re 2300 + 500) 


9.375mA 


Standard practice is to use a factor of 10 as the margin of inequality for 6 independence in (3.8). Then, 


Ry _ (100)(300 
Ry = = 7 = 39 


and, from (3.7), 
Vee © Vero + Ico(. Re) = 0.7 + (9.375 x 10~3)(330) = 3.794 V 


Equations (3.5) may now be solved simultaneously to obtain 


R 3x 10° 
R= Bis SWE eee 
1—Vop/Vec 1 —3.794/15 
V 15 
and Ry = Rp —L =3 x 10° = 11.86kQ 


Vian 3.794 


In the circuit of Fig. 3-10(a), the transistor is a Si device, Re = 200Q, Ry = 10R,; = 10kQ, 
R, = Rc = 2kQ, B = 100, and Ve7 = 15V. Assume that Cc and Ce, are very large, that 
Veesat © 0, and that ic = 0 at cutoff. Find (a) Icg, (6) Vcr, (c) the slope of the ac load 
line, (d) the slope of the dc load line, and (e) the peak value of undistorted i,. 


(a) Equations (3.5) and (3.7), give 


(1 x 10°)(10 x 103) 1x 103 
Rp= =9092 and Vg, =——~ 15=1.364V 
e il x 105 oo 3B Thx 108 
Vor —V. - 
so I BS BED) 8 SO ae aa, 


CO~ RBL+ 1) + Rp (909/101) + 200 


(b) KVL around the collector-emitter circuit, with I¢g * Ig, gives 


Vero = Veo — Ico(Re + Rc) = 15 — (3.177 x 1077)(2.2 x 10°) = 8.01 V 


tity 1 
iGpes See 4 
2) OP ae Ra Re oT oe 


(d) Slope = Eee : : 


= = 0.454 
Roo RotRe 2.2x 103 oe 


(e) From (3./4), the ac load line intersects the vcg axis at 


Ucemax = Vceg + Icg Rac = 8-01 + (3.177 x 10°)(1 x 10%) = 11.187 V 
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Since vcgemax < 2V ceo, cutoff occurs before saturation and thus sets V..,,. With the large capacitors 
appearing as ac shorts, 
5 UL Uce 
S= =— 
Ry Ry 


or, in terms of peak values, 


F Vem _ UCEmax ~ Vceg _ 11.187 — 8.01 1.588 mA 
Ln — R, _ Ry = 2x 103 a 


3.28 In the circuit of Fig. 3-8(a@), Rc = 300Q, Re = 200 Q, Ry = 2kQ, Ro = 15kQ, Veco = 15 V, and 
B= 110 for the Si transistor. Assume that Icg ¥ Jeg and Vegeat¥ 0. Find the maximum 
symmetrical swing in collector current (a) if an ac base current is injected, and (bd) if Vcc is 
changed to 10V but all else remains the same. 


(a) From (3.5) and (3.7), 


3 3 3 
fy Se Me iesras. aad. “gps ee 
17 x 10 17x 10 
eV 165 —0. 
a ie BB peo _ 1.765—-0.7 4.93mA 


Rp/(B+1I) +R  1765/111 + 200 
By KVL around the collector-emitter circuit with I¢g © Izg, 


Vero = Veo —Ico(Rc + Re) = 15— (4.93 x 1073)(200 + 300) = 12.535 V 


Since Vegg > Vec/2 = 7.5 V, cutoff occurs before saturation, and ic can swing +4.93mA about Icg 
and remain in the active region. 


Ri 2x 10° 
b V pp = —_— Vee = =~ 10 = 1.1765 V 
() BBR +R, “17x 103 0 
Vee — Veco 1.1765 — 0.7 
that Ico © Igo = = = 2.206mA 
ne co leo = Re7(By 1) + Rz 1765/1114 200 o™ 
and V ceo — Voc Tco(Re t Rez) = 10 (2.206 x 107~7)(0.5) — 8.79 V 


Since Vezg > Vec/2 = 5V, cutoff again occurs before saturation, and ic can swing +2.206mA about 
Ico and remain in the active region of operation. Here, the 33.3 percent reduction in power supply 
voltage has resulted in a reduction of over 50 percent in symmetrical collector-current swing. 


3.29 Ifa Si transistor were removed from the circuit of Fig. 3-8(a) and a Ge transistor of identical 6 
were substituted, would the Q point move in the direction of saturation or of cutoff? 


Since R;, Rj, and Vcc are unchanged, Rg and Vgz would remain unchanged. However, owing to the 
different emitter-to-base forward drops for Si (0.7 V) and Ge (0.3 V) transistors, 
bak Vee — Veco 
CO © 7 aay eB 
Ra/(B+ D+ Re 


would be higher for the Ge transistor. Thus, the Q point would move in the direction of saturation. 


3.30 In the circuit of Fig. 3-10(a), Veco = 12 V, Re = Ry = 1kQ, Re = 100, and Ce = Ce > ow. 
The Si transistor has negligible leakage current, and B= 100. If Vegsat = 0 and the transistor 
is to have B-independent bias (by having R;||R. = BR-/10), size R; and Ry for maximum sym- 
metrical swing. 

Evaluating R,, and Rg., we find 


(1 x 10°)(1 x 10°) 
1x 10? +1x 103 


Ry = Ry l\Re = =5002 = Ry = Ro+Re =1x 10° +100 = 11002 


98 


3.31 


CHARACTERISTICS OF BIPOLAR JUNCTION TRANSISTORS [CHAP. 3 


Thus, according to (3) of Problem 3.25, maximum symmetrical swing requires that 
Ico => => 
Rao + Rae 500+ 1100 
BR, _ (100)(100) _ 
10 10 


=7.5mA 


Now, Rg=R,||Ro = 1k2 


and, by (3.6) and (2) of Problem 3.17, 


Rg , B+1 . 1x 10° 100+1 43 
Vea = (4 t B Re) leo t | 100 t 100 100 }7.5 x 10 +0.7=1.53V 


Finally, from (3.5), 


Rz 1x 10° Ate sty py = Rabice _ (x 1002) _ 


R = — 
1 T—Vap/Vec 1 — 1.53/12 V ap 1.53 


10.53 kQ 


The Si transistor of Fig. 3-10(a) has Vegsat = Icgo0 = 9 and B= 75. Ce is removed from the 
circuit, and Cc > co. Also, R; = 1kQ, R27 =9kQ, Re = Rp = Ro = 1kQ, and Veco = 15V. 
(a) Sketch the de and ac load lines for this amplifier on a set of ic-vcg axes. (b) Find the 
maximum undistorted value of i,, and determine whether cutoff or saturation limits i, swing. 


(a) Rae = Rot Re =1x 10 +1 x 107? =2kQ 


3, (Lx 10°)(1 x 10°) 


and Rye = Re + Rcl|R, = 1 x 10° 4 Mie Tinie = 
By (3.5), 
R, 1x 103 (1 x 10°)(9 x 10°) 
Vez = Veco = 15 = 1.667 V and Rz = R,||Ro = = 900 Q 
BBR eC = 9x 108 a B= RR = or 9 x 103 
and from (3.7), 
1)(Vgg —V 667 —0. 
Tepe (B+ (Vee — Vero) (75+ 1)1.667 — 0 ) Hoek 
Rgt+(6+ Re 900 + (75 + 1)(1 x 10°) 
By KVL around the collector loop and (2) of Problem 3.17, 
eee ee (Ke af ! Re) leo aAi5e (: x 10° +e 1x 100.6 x 1073 = 13.07V 
The ac load-line intercepts now follow directly from (3./3) and (3.14): 
View 13.07 


icmax = Rt Too = T3403 + 9:96 * 10-3 = 9.67mA 


Ucemax = Ver + IcgRac = 13.07 + (0.96 x 107*)(1.5 x 10°) = 14.51V 


The de load-line intercepts follow from (3.9): 


V 15 
ic-axis intercept = CC 3 =7.5mA 
Rac 2x 10 


Uce-axis intercept = Voc = 15V 


The required load lines are sketched in Fig. 3.25. 
(b) Since Icg < sicmaxs it is apparent that cutoff limits the undistorted swing of i, to tJcg = +1.92mA. 
By current division, 
Re, 1x 10° 
= | 
Ret+Ryp © 1x10? +1x 10 


i ; (£0.96 mA) = £0.48 mA 
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3.32 


3.33 


ic, mA 


DC load line 


ic max = 9.67 AC load line 
Veo _ 
Rac 


75 


Icq = 0.96 a Voa=15 


UcE V 


UcE max = 14.51 
Fig. 3-25 


In the common-collector (CC) or emitter-follower (EF) amplifier of Fig. 3-26(a), Vcc = 
12V, Re = 1kQ, R; = 3kQ, and Ce > oo. The Si transistor is biased so that Vegg = 5.7 V 
and has the collector characteristic of Fig. 3-26(b). (a) Construct the dc load line. (6) Find the 
value of B. (c) Determine the value of Rp. 


(a) The dc load line must intercept the veg axis at Vec = 12 VV. It intercepts the ic axis at 


Veo _ Vee 12 


Rac RE 1x 10 


z= 12mA 


The intercepts are connected to form the dc load line shown on Fig. 3-26(d). 


(b) Igo is determined by entering Fig. 3-26(b) at Vegg = 5.7 V and interpolating between ig curves to find 
Igq © 50uA. Icg is then read as ~ 6.3mA. Thus, 


Icg 6.3 x 1073 


oe OD = 126 
p Tzo 50 x 10-6 
(c) By KVL, 
B+1 126+1 
Veo — Varo — IeoRe  12-0,7-— (6 x 1077)(1 x 103) 
Rp= = 126 : = 105.05kQ 
Izo 50 x 107 


The amplifier of Fig. 3-27 uses an Si transistor for which Vggg =0.7V. Assuming that 
the collector-emitter bias does not limit voltage excursion, classify the amplifier according to 
Table 3-4 if (a) Vg=1.0V and vs =0.25cos@tV, (b) Vg =1.0V and vs = 0.5cosat V, 
(c) Vg =0.5V and vs = 0.6cosatV, (d) Vg =0.7V and vs = 0.5cosat V. 


As long as vs + Vg > 0.7V, the emitter-base junction is forward-biased; thus classification becomes a 
matter of determining the portion of the period of vs over which the above inequality holds. 


(a) vs +Vzg > 0.75 V through the complete cycle; thus the transistor is always in the active region, and the 
amplifier is of class A. 

(b) 0.5 < us + Vg < 1.5 V; thus the transistor is cut off for a portion of the negative excursion vg. Since 
cutoff occurs during less than 180°, the amplifier is of class AB. 

(c) —0.1 < vs + Vg < 1.1 V, which gives conduction for less than 180° of the period of vs, for class C 
operation. 

(d) vy+Vg > 0.7V over exactly 180° of the period of vs, for class B operation. 


(a) 


ic, mA 


DC load line (Problem 3.32) 
AC load line (Problem 3.54) 
100 uA 


10 


Nv 


—= Uces V 
0 2 4 6 8 10 12 14 16 18 


4.7 5.7 6.7 
Ld ! 


ot 


(b) 


Fig. 3-26 


Fig. 3-27 
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3.35 


3.36 


3.37 


3.38 


3.39 


3.40 


3.41 


3.42 


3.43 


Supplementary Problems 


The leakage currents of a transistor are Icgg = 5A and Icgg = 0.4 mA, and Jg = 30 nA. Determine the 
value of Ic. Ans. 277mA 


For a BJT, Jc = 5.2 mA, Ip = 50 vA, and Icgo = 0.5 WA. (a) Find 6 and Igg. (6) What is the percentage 
error in the calculation of f if the leakage current is assumed zero? Ans. (a) 102.96, 5.25 mA; (6) 1.01% 


Collector-to-base leakage current can be modeled by a current source as in Fig. 3-28, with the understanding 
that transistor action relates currents /¢, Iz, and Ig I¢ = alg, and I¢ = BIg). Prove that 


I B+ 
=~ —Icgo (¢) Ig = 


(a) Ic = Bip + (B+ DIceo (6) Ig = B+l ga we — Iczo) 


Fig. 3-28 


If the transistor of Problem 3.4 were replaced by a new transistor with 1 percent greater a, what would be the 
percentage change in emitter current? Ans. a 96.07% increase 


In the circuit of Fig. 3-11, Vegsat = 0.2 V, a = 0.99, Ipg = 20 WA, Veo = 1S V, and Re = 15kQ. What is the 
value of Vezg? Ans. Vero = Vcesat = 9.2 V 


In many switching applications, the transistor may be utilized without a heat sink, since Pc © 0 in cutoff and 
Pc is small in saturation. Support this statement by calculating the collector power dissipated in (a) Prob- 
lem 3.6 (active-region bias) and (b) Problem 3.38 (saturation-region bias). 

Ans. (a) 18mW; (6) 0.39mW 


The collector characteristics of the transistor of Fig. 3-11 are given in Fig. 3-9(d). If 
Tpq = 40 WA, Veco = ISV, and Re = 2.2kQ, specify the minimum power rating of the transistor to ensure 
there is no danger of thermal damage. Ans. 22.54mW 


In the circuit of Fig. 3-13, Vee = 20V, Re = 5kQ, Re = 4kQ, and Rg = 500kQ. The Si transistor has 
Tcgo = 0 and B= 50. Find I¢g and Vcgo. Ans. 1.91mA, 2.64V 


The transistor of Problem 3.41 failed and was replaced with a new transistor with Jc¢gg = 0 and B = 75. Is 
the transistor still biased for active-region operation? 
Ans. Since the calculated Vcgg = —6.0 V < 0, the transistor is not in the active region. 


What value of Rz will result in saturation of the Si transistor of Fig. 3-13 if Vee =20V, Re =5kQ, 
Re = 4kQ, B = 50, and Vege, = 0.2 V? Ans. Rp < 442.56kQ 
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Ry=1kQ Ro=2kQ 


Fig. 3-29 


The circuit of Fig. 3-29 illustrates a method for biasing a CB transistor using a single dc source. The 
transistor is a Si device (Vgzq = 0.7 V), B = 99, and Igg = 330A. Find (a) Ro, and (6) Vego. 
Ans. (a) 3.36kQ; (b) 6.06V 


Rework Problem 3.28(a) with Ry = 5kQ and all else unchanged. 
Ans. + 13.16mA and I¢g = 16.84mA 


Because of a poor solder joint, resistor R,; of Problem 3.28(a) becomes open-circuited. Calculate the 
percentage change in J¢g that will be observed. Ans. + 508.5% 


The circuit of Problem 3-28(a) has £-independent bias (Rg > 10Rg/f). Find the allowable range of if Icg 
can change at most +2 percent from its value for 6 = 110. Ans. 86.4 < B < 149.7 


For the circuit of Fig. 3-27, vs = 0.25coswt V, Rg = 30kQ, Vz, =1V, and Vec = 12V. The transistor is 
described by the default npn model. If Vegea, ~ O and Ic¢gg = 0, use SPICE methods to determine the range 
of R, for class A operation. Hint: A sweep of R; values can determine the particular value of R, for which 
Vero = Vcc/2. (Netlist code available at author website.) Ans. Ry < 7.74kQ 


If an emitter resistor is added to the circuit of Fig. 3-17, find the value of R; needed to bias for maximum 
symmetrical swing. Let Veco = 15 V, Re = 1.5kQ, and Re = 5kQ. Assume the transistor is an Si device 
with [ego = Vegsat = 9 and B = 80. Ans. 477.4kQ 


In the circuit of Fig. 3-20, the Ge transistor has J¢gg = 0 and 6B = 50. Assume the capacitor is replaced with 
a short circuit. Let Vg =2V, Veco = 12 V, Re = 4kQ, Rs = 100kQ, and Rg = 330kQ. Find the ratios 
(@) Ico/I, and (b) Vero/Vs. Ans. (a) 374.6;  (b) 0.755 


In the differential amplifier circuit of Fig. 3-22, the two identical transistors are characterized by the default 
npn model. Let Rg = 10kQ, Re = Ro = 6.8kQ, and Veo =Ve_g=15V. Use SPICE methods to 
determine (a) Vggg; and (hb) voltages v,; = vg2._ (Netlist code available from author website.) 

Ans. (a) Vero, = V(4, 3) = 8.89V; (6) 91 = Ue2 = V(4) = V(6) = 8.01 V 


In the amplifier of Fig. 3-10(a), R,; =1kQ, Ry =9kQ, Re = 100Q, Rp = 1kQ, Vee = 12 V, Co = 
Ce > oo, and B=100. The Si transistor has negligible leakage current, with Vegsa, = Icg9 = 0. Find 
Re so that v, exhibits maximum symmetrical swing. Ans. 1.89kQ 


If in Problem 3.31, R, is changed to 9kQ and all else remains unchanged, determine the maximum undis- 
torted swing of i,. Ans. +1.5mA 


In the CC amplifier of Problem 3.32, let i; = 10sinwtwA. Calculate v, after graphically determining vcr. 
Ans. The ac load line and ucg are sketched on Fig. 3-26: ucg © 5.7 — sinawt V; vy, = sinwt V 


Characteristics of Field- 
Effect Transistors and 
Triodes 


4.1. INTRODUCTION 


The operation of the field-effect transistor (FET) can be explained in terms of only majority-carrier 
(one-polarity) charge flow; the transistor is therefore called unipolar. Two kinds of field-effect devices 
are widely used: the junction field-effect transistor (JFET) and the metal-oxide-semiconductor field-effect 
transistor (MOSFET). 


4.2. JFET CONSTRUCTION AND SYMBOLS 


The physical arrangement of, and symbols for, the two kinds of JFET are shown in Fig. 4-1. 
Conduction is by the passage of charge carriers from source (S) to drain (D) through the channel between 
the gate (G) elements. 

The transistor can be an n-channel device (conduction by electrons) or a p-channel device (conduc- 
tion by holes); a discussion of n-channel devices applies equally to p-channel devices if complementary 
(opposite in sign) voltages and currents are used. Analogies between the JFET and the BJT are shown 
in Table 4-1. Current and voltage symbology for FETs parallels that given in Table 3-1. 


4.3. JFET TERMINAL CHARACTERISTICS 


The JFET is almost universally applied in the common-source (CS) two-port arrangement of Fig. 
4-1, where vgs maintains a reverse bias of the gate-source pn junction. The resulting gate leakage 
current is negligibly small for most analyses (usually less than | wA), allowing the gate to be treated as an 
open circuit. Thus, no input characteristic curves are necessary. 

Typical output or drain characteristics for an n-channel JFET in CS connection with vgs < 0 are 
given in Fig. 4-2(a@). For a constant value of vgs, the JFET acts as a linear resistive device (in the ohmic 
region) until the depletion region of the reverse-biased gate-source junction extends the width of the 
channel (a condition called pinchoff). Above pinchoff but below avalanche breakdown, drain current ip 
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Depletion 
region 


(a) n-channel JFET 


(6) p-channel JFET 


Fig. 4-1 


remains nearly constant as vps is increased. For specification purposes, the shorted-gate parameters 
Ipss and V9 are defined as indicated in Fig. 4-2(a); typically, Vo is between 4 and 5V. As gate potential 
decreases, the pinchoff voltage, that is, the source-to-drain voltage V, at which pinchoff occurs, also 
decreases, approximately obeying the equation 


Vy — Vino + UGS (4.1) 


Table 4-1 


JFET BJT 


source S$ emitter E 
drain D collector C 
gate G base B 


drain supply Vpp | collector supply Vcc 


gate supply Vgg base supply Vz 


drain current ip collector current ic 
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Ipss = Lo | Ugs=0V 
Ohmic 


region 


A 
| F—® Pinchoff region Ups 
a 


> Vio 


[ DSS 


ae 


; —-Ypso Vop Ups, V Vo Veso VGs 


Ing Transfer 
bias line 


(a) Drain characteristics (b) Transfer characteristic 


Fig. 4-2. CS n-channel JFET 


The drain current shows an approximate square-law dependence on source-to-gate voltage for 
constant values of ups in the pinchoff region: 


2 
ip = toss(1 + i) (4.2) 
po 
This accounts for the unequal vertical spacing of the characteristic curves in Fig. 4-2(a). Figure 4-2(b) is 
the graph of (4.2), known as the transfer characteristic and utilized in bias determination. The transfer 
characteristic is also determined by the intersections of the drain characteristics with a fixed vertical line, 
Ups = constant. To the extent that the drain characteristics actually are horizontal in the pinchoff 
region, one and the same transfer characteristic will be found for all ups > V,o. (See Fig. 4-4 for a 
slightly nonideal case.) 


4.4. JFET SPICE MODEL 


The element specification statement for a JFET must explicitly assign a model name that is an 
arbitrary selection of alpha and numeric characters. The general form is 


J--+n, ny n3 model name 


Nodes 7,72, and n3 belong to the drain, gate, and source, respectively. Only the n-channel JFET is 
addressed in this book. Positive voltage and current directions for the device are clarified by Fig. 4-3. 
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A .MODEL control statement must appear in the netlist code for a JFET circuit. The control 
statement has the following format: 


-MODEL model name NJF (parameters) 
If the parameter field is left blank, default values are assigned. Nondefault parameters are entered in the 


parameter field using the format parameter name = value. The specific parameters of concern in the 
book are documented by Table 4-2. The SPICE model describes the JFET in the pinchoff region by 


: Tpss 
Ip = 


ay (Vto + vgs) = Beta(Vto + vgs)" 


Table 4-2 


Parameter Description Major Impact 


Vto pinchoff voltage | shorted-gate current 


Beta transcond. coeff. | shorted-gate current 
Rd drain resistance current limit 

Rs source resistance | current limit 
gate-source cap. | high frequency 
gate-drain cap. high frequency 


Example 4.1. Use SPICE methods to generate (a) the CS drain characteristics and (b) the transfer characteristic 
for an n-channel JFET that has the parameter values Vto = —4V, Beta = 0.0005A/V’, Rd = 1, Rs =1Q, and 
CGS = CGD = 2pF. 


(a) Figure 4-4(a) shows a connection method for measurement of both the drain characteristics and the transfer 
characteristic. The following netlist code generates the drain characteristics that have been plotted using the 
Probe feature of PSpice as Fig. 4-4(b). 


Ex4_la.CIR- JFET drain characteristics 

vGS 100V 

vDS 20 0V 

J2 1ONJFET 

- MODEL NJFET NJF ( Vto=-4V Beta=0.0005ApVsq 
+ Rd=lohm Rs=lohm CGS=2pF CGD=2pF) 

.DC vDS OV 25V 0.5V vGS OV -4V 0.5V 

. PROBE 

- END 


(b) The netlist code below holds ups constant to calculate the transfer characteristic that has been plotted by use of 
the Probe feature as Fig. 4-4(c). 


Ex4_1b.CIR- JFET transfer characteristic 
vGS 100V 

vDS 20 10V 

J2 10ONJFET 

. MODEL NJFET NJF ( Vto=-4V Beta=0.0005ApVsq 


+ Rd=lohm Rs=lohm CGS=2pF CGD=2pF) 
.DC vGS OV -4V 0.5V 

- PROBE 

- END 
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4.5. JFET BIAS LINE AND LOAD LINE 


The commonly used voltage-divider bias arrangement of Fig. 4-5(a) can be reduced to its equivalent 
in Fig. 4-5(b), where the Thévenin parameters are given by 
RR, 


R= and Voc 
G R, +R GG 


R, 


en 2 4.3 
Ri+R, (4.3) 
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+ Vpp 


(a) (b) 
Fig. 4-5 


With ig = 0, application of KVL around the gate-source loop of Fig. 4-5(5) yields the equation of the 
transfer bias line, 


_ Vee ves 
Rs Rs va 


ip 


which can be solved simultaneously with (4.2) or plotted as indicated on Fig. 4-2(b) to yield Ipg and 
Vaso, two of the necessary three quiescent variables. 

Application of KVL around the drain-source loop of Fig. 4-5(b) leads to the equation of the dc load 
line, 


: Vop UDS 
ip = 4.5 
Reha Ry Re oo 


which, when plotted on the drain characteristics of Fig. 4-2(a), yields the remaining quiescent value, 
Voso. Alternatively, with Ipg already determined, 


Voso = Von — (Rs + Rp)Ing 


Example 4.2. In the amplifier of Fig. 4-5(a), Vpp = 20 V, Ry = 1 MQ, Rz = 15.7MQ, Rp = 3kQ, and Rs = 2kQ. 
If the JFET characteristics are given by Fig. 4-6, find (a) Ipg, (6) Vesa, and (c) Voso.- 


(a) By (4.3), 


# Rig 1x 10° 
COR, +R, 16.7 x 10° 


20=1.2V 


On Fig. 4-6(a), we construct the transfer bias line (4.4); it intersects the transfer characteristic at the Q point, 
giving Ipg = 1.5mA. 

(b) The Q point of Fig. 4-6(a) also gives Vggg = —2V. 

(c) We construct the de load line on the drain characteristics, making use of the vps intercept of Vpp = 20 V and 


the ip intercept of Vpp/(Rs + Rp) =4mA. The Q point was established at Jpg = 1.5mA in part a and at 
Veso = —2V in part 4; its abscissa is Vpsg = 12.5V. Analytically, 


Voso = Von — (Rs + Rp)Ipg = 20 — (5 x 10°)(1.5 x 1077) = 12.5V 
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ip, mA 


6 


Example 4.2 


Problem 4.3 


Ves V 


Example 4.3 
Example 4.2 
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4.6. GRAPHICAL ANALYSIS FOR THE JFET 


As is done in BJT circuits (Section 3.7), coupling (or blocking) capacitors are introduced to confine 
dc quantities to the JFET and its bias circuitry. Further, bypass capacitors Cy effectively remove the 
gain-reducing source resistor insofar as ac signals are concerned, while allowing Rg to be utilized in 
favorably setting the gate-source bias voltage; consequently, an ac load line is introduced with analysis 
techniques analogous to those of Section 3.7. 

Graphical analysis is favored for large-ac-signal conditions in the JFET, since the square-law rela- 
tionship between vgs and ip leads to signal distortion. 


Example 4.3. For the amplifier of Example 4.2, let v; = sin (@ = 1 rad/s) and C; — oo. Graphically determine 
Vds and ig. 

Since Cys appears as a short to ac signals, an ac load line must be added to Fig. 4-6(5), passing through the Q 
point and intersecting the vps axis at 


Vso + Ino Rae = 12.5 + (1.5)3) = 17V 


We next construct an auxiliary time axis through Q, perpendicular to the ac load line, for the purpose of showing, on 
additional auxiliary axes as constructed in Fig. 4-6(5), the excursions of iy and vg, as vg, = vj Swings +1 V along the 
ac load line. Note the distortion in both signals, introduced by the square-law behavior of the JFET characteristics. 


4.7. MOSFET CONSTRUCTION AND SYMBOLS 


The n-channel MOSFET (Fig. 4-7) has only a single p region (called the substrate), one side of which 
acts as a conducting channel. A metallic gate is separated from the conducting channel by an insulating 
metal oxide (usually SiO,), whence the name insulated-gate FET (IGFET) for the device. The p-channel 
MOSFET, formed by interchanging p and n semiconductor materials, is described by complementary 
voltages and currents. 


Metal oxide Enhanced 


Metal channel 


Gate 
(G) 


Substrate 
(B) 


=Vpp | lee 
G 


Voc> 


Source 
(S) 


(a) (b) 


Fig. 4-7 


4.8. MOSFET TERMINAL CHARACTERISTICS 


In an n-channel MOSFET, the gate (positive plate), metal oxide film (dielectric), and substrate 
(negative plate) form a capacitor, the electric field of which controls channel resistance. When the 
positive potential of the gate reaches a threshold voltage Vy (typically 2 to 4V), sufficient free electrons 
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are attracted to the region immediately beside the metal oxide film (this is called enhancement-mode 
operation) to induce a conducting channel of low resistivity. If the source-to-drain voltage is increased, 
the enhanced channel is depleted of free charge carriers in the area near the drain, and pinchoff occurs as 
inthe JFET. Typical drain and transfer characteristics are displayed in Fig. 4-8, where V; = 4 V is used 
for illustration. Commonly, the manufacturer specifies V; and a value of pinchoff current [po,; the 
corresponding value of source-to-gate voltage is V¢son. 


¢ Vp Veson "Gs 
(a) (7) 


The enhancement-mode MOSFET, operating in the pinchoff region, is described by (4./) and (4.2) if 
V9 and Ipss are replaced with —Vy and Ipon, respectively, and if the substrate is shorted to the source, 
as in Fig. 4-9(a). Then 


2 
in = Foon - 7) (4.6) 


where vgs > Vr. 

Although the enhancement-mode MOSFET is the more popular (it is widely used in digital switch- 
ing circuits), a depletion-mode MOSFET, characterized by a lightly doped channel between heavily 
doped source and drain electrode areas, is commercially available that can be operated like the JFET 
(see Problem 4.22). However, that device displays a gate-source input impedance several orders of 
magnitude smaller than that of the JFET. 


4.9. MOSFET SPICE MODEL 


The element specification statement for a MOSFET must explicitly assign a model name (an arbi- 
trary selection of alpha and numeric characters) having the general form 


M.---7, m 13 n4 model name 


Nodes 7, 2,73, and m4 belong to the drain, gate, source, and substrate, respectively. Only the n- 
channel MOSFET is addressed where the device positive voltage and current directions are clarified by 
Fig. 4-10. 
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ip, MA 


Drain-feedback 
bias line 


DC load line 


AC load line 
Problem 4.21 
“a 


i) 


(a) 


Fig. 4-9 


|i ) 
IGM) | A ay, 
nae /———eB VD(M--) 
(%) an 
VG (M--) tsa 
Os 
Fig. 4-10 


Format of the .MODEL control statement that must appear in the netlist code for a MOSFET 
circuit is as follows: 


.MODEL model name NMOS (parameters) 


A blank parameter field results in assignment of default parameter values. Nondefault parameters are 
entered in the parameter field as parameter name = value. The specific parameters of concern in this 
book are documented by Table 4-3. The SPICE model characterizes the enhancement mode MOSFET 
in the pinchoff region by 


: I Kp 
ip = ve (ves — Vry = > (ves — Vry 
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Table 4-3 


Parameter Description Default 


Vto Threshold voltage 
Kp Transcond. coeff. 
Rd Drain resistance 


Rg Gate resistance 


Example 4.4. Use SPICE methods to generate (a) the CS drain characteristics and (5) the transfer characteristic 
for an n-channel MOSFET that has the parameter values Vto = 4 V, Kp = 0.0008 A/V”, Rd = 1Q, and Rg = 1kQ. 


(a) Figure 4-11(a) shows the chosen connection method for measurement of both the drain characteristics and the 
transfer characteristic. The netlist code below generates the drain characteristic that has been plotted using the 
Probe feature of PSpice as Fig. 4-11(d). 


@ c| FD + 
l« B =- Ups 
‘ | Hs : 
4s = 
2 
(a) 
Be ge ei eer ae ‘ 8.0 mA+----- etesee nena eetecbinans i 
(IDon=6.4000 mA) (vGS=8 V, IDon=6.4 mA) 
vGS=8 V . 


Fig. 4-11 
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Ex4_4a.CIR - MOSFET drain characteristics 
vGS 10 0V 

vDS 20 0V 

M2 100NMOSG 

. MODEL NMOSG NMOS (Vto=4V Kp=0.0008ApVsq 


+ Rd=lohm Rg=1kohm) 

-DC vDS OV 25V 0.5V vGS OV 8V lV 
.- PROBE 

- END 


(b) The following netlist code maintains vps constant to determine the transfer characteristic that is plotted by use 
of Probe as Fig. 4-11(c). 


Ex4_4b.CIR - MOSFET transfer characteristic 
vGS 10 0V 

vDS 20 15V 

M2 100 NMOSG 

. MODEL NMOSG NMOS (Vto=4V Kp=0. OOO8ApVsq 


+ Rd=lohm Rg=1kohm) 
.DC vGS OV 8V 0.1V 

. PROBE 

- END 


4.10. MOSFET BIAS AND LOAD LINES 


Although the transfer characteristic of the MOSFET differs from that of the JFET [compare Fig. 4- 
2(b)] with Figs. 4-8(b) and 4-27], simultaneous solution with the transfer bias line (4.4) allows determina- 
tion of the gate-source bias Vgsg. Further, graphical procedures in which de and ac load lines are 
constructed on drain characteristics can be utilized with both enhancement-mode and depletion-mode 
MOSFETS. 

The voltage-divider bias arrangement (Fig. 4-5) is readily applicable to the enhancement-mode 
MOSFET; however, since Vgsg and Vpsg are of the same polarity, drain-feedback bias, illustrated in 
Fig. 4-9(a), can be utilized to compensate partially for variations in MOSFET characteristics. 


Example 4.5. In the amplifier of Fig. 4-9(a), Vpp = 15 V, Ry = 3kQ, and Re = 50MQ._ If the MOSFET drain 
characteristics are given by Fig. 4-9(b), determine the values of the quiescent quantities. 

The dc load line is constructed on Fig. 4-9(b) with vps intercept of Vpp =15V and ip intercept of 
Vpp/R, = 5mA. With gate current negligible (see Section 4.3), no voltage appears across R-, and so 
Vos =Vps. The drain-feedback bias line of Fig. 4-9(b) is the locus of all points for which Ves = Vps. Since 
the Q point must lie on both the dc load line and the drain-feedback bias line, their intersection is the Q point. From 
Fig. 4-9(b), Ing ~ 2.65mA and Voso = Voso = 6.90 V. 


Example 4.6. The drain-feedback biased amplifier of Fig. 4-9(a) has the circuit element values of Example 4.5 
except that the MOSFET is characterized by the parameter values of Example 4.4. Apply SPICE methods to 
determine the quiescent values. 

The netlist code below describes the circuit. 
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Ex4_6.CIR - Drain-feedback bias 

vi 100V ; Value inconsequential 
cc 12 100uF; Value inconsequential 
RF 2 3 50MEGohm 

RL 3 4 3kohm 

VDD 40 15V 
M 


3 200NMOSG 

. MODEL NMOSG NMOS (Vto=4V Kp=0.0008ApVsq 
+ Rd=lohm Rg=1kohm) 

.DC VDD 15V 15V 1V 

- PRINT DC ID(M) V(2) V(3) 

. PROBE 

.END 


Execute (Ex4_6.CIR) and poll the output file to find JIpg=ID(M)=2.79mA, Vopsg = V(3)= 


4.11. TRIODE CONSTRUCTION AND SYMBOLS 


A vacuum tube is an evacuated enclosure containing (1) a cathode that emits electrons, with a heater 
used to elevate the cathode temperature to a level at which thermionic emission occurs; (2) an anode or 
plate that attracts the emitted electrons when operated at a positive potential relative to the cathode; and 
usually (3) one or more intermediate electrodes (called grids) that modify the emission-attraction process. 
Analogous to FETS, the voltage applied to the grids controls current flowing into the plate lead. 

The single grid of the vacuum triode is called the control grid; it is made of small-diameter wire and 
inserted between the plate and cathode as suggested in Fig. 4-12(a). The mesh of the grid is sufficiently 
coarse so as not to impede current flow from plate to cathode through collision of electrons with the grid 
wire; moreover, the grid is placed physically close to the cathode so that its electric field can exert 
considerable control over electron emission from the cathode surface. The symbols for the total 
instantaneous currents and voltages of the triode are shown in Fig. 4-12(b); component, average, rms, 
and maximum values are symbolized as in Table 3-1. 


Plate (P) 


Control grid (G) Cathode (K) 


Heater 


(a) (db) 
Fig. 4-12 


4.12. TRIODE TERMINAL CHARACTERISTICS AND BIAS 


The voltage-current characteristics of the triode are experimentally determined with the cathode 
sharing a common connection with the input and output ports. If plate voltage vp and grid voltage ug 
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are taken as independent variables, and grid current ig as the dependent variable, then the input char- 
acteristics (or grid characteristics) have the form 


ig = fi (up, vq) (4.7) 


of which Fig. 4-13(a) is a typical experimentally determined plot. Similarly, with vp and vg as inde- 
pendent variables, the plate current ip becomes the dependent variable of the output characteristics (or 
plate characteristics) 


ip = fxup, va) (4.8) 


of which a typical plot is displayed in Fig. 4-13(d). 


ig,mA 


0 100 200 : ~ Up, V 
Veg V9 “PP 
(a) Grid characteristics (b) Plate characteristics 
Fig. 4-13 


The triode input characteristics of Fig. 4-13(a) show that operation with a positive grid voltage 
results in flow of grid current; however, with a negative grid voltage (the common application), negligible 
grid current flows and the plate characteristics are reasonably approximated by a three-halves-power 
relationship involving a linear combination of plate and grid voltages: 


ip = K(up + bg)?” (4.9) 


where « denotes the perveance (a constant that depends upon the mechanical design of the tube) and p is 
the amplification factor, a constant whose significance is elucidated in Chapter 7 when small-signal 
amplification of the triode is addressed. 

To establish a range of triode operation favorable to the signal to be amplified, a quiescent point 
must be determined by dc bias circuitry. The basic triode amplifier of Fig. 4-14 has a grid power supply 
Veg of such polarity as to maintain ug negative (the more common mode of operation). With no input 
signal (vs = 0), application of KVL around the grid loop of Fig. 4-14 yields the equation of the grid bias 
line, 


. Veg UG 
e Re Be ea) 


which can be solved simultaneously with (4.7) or plotted as indicated on Fig. 4-13(a) to determine the 
quiescent values Jgg and Vgg. If Vg is of the polarity indicated in Fig. 4-14, the grid is negatively 
biased, giving the Q point labeled Q,. At that point, Jgg ~ 0 and Veg © —Vgq; these approximate 
solutions suffice in the case of negative grid bias. However, if the polarity of Vgg were reversed, the grid 
would have a positive bias, and the quiescent point Q, would give Igg > 0 and Vgg < Vgq. 
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Us 


—N+ 
Vo Vpp 


Fig. 4-14 Basic triode amplifier 


Voltage summation around the plate circuit of Fig. 4-14 leads to the equation of the dc load line 


. Vpp Up 
_ = 4.11 
a aS ay) 


which, when plotted on the plate characteristics of Fig. 4-13(b), yields the quiescent values Vpg and Ipg 
at its intersection with the curve vg = Vo. 


Example 4.7. In the triode amplifier of Fig. 4-14, Veg =4V, Vpp = 300 V, R, = 10kQ, and Rg =2kQ. The 
plate characteristics for the triode are given by Fig. 4-13(b). (a) Draw the dc load line; then determine the quiescent 
values (b) Igo, (c) Veo. (4) Ipo, and (e) Vpg. 
(a) For the given values, the dc load line (4.//) has the ip intercept 

V pp 300 


it eer 
% hae 


and the up intercept Vpp = 300 V. These intercepts have been utilized to draw the dc load line on the plate 
characteristics of Fig. 4-13(d). 


(b) Since the polarity of Vg is such that vg is negative, negligible grid current will flow Ugg *¥ 0). 

(c) For negligible grid current, (4./0) evaluated at the Q point yields Veg = —Vgg = —4V. 

(d) The quiescent plate current is read as the projection of Q, onto the ip axis of Fig. 4-13(5) and is Ipg = 8mA. 
(e) Projection of Q,, onto the vp axis of Fig. 4-13() gives Vpg = 220V. 


Solved Problems 


4.1. If Cs; =0 and all else is unchanged in Example 4.2, find the extremes between which vy swings. 


Voltage vz; will swing along the dc load line of Fig 4-6(b) (which is now identical to the ac load line) 
from point a to point 5, giving, as extremes of ip, 3.1mA and 0.4mA._ The corresponding extremes of 
Us =ipRs are 6.2 V and 0.8 V. 


4.2 For the MOSFET amplifier of Example 4.5, let Vso = 6.90 V. Calculate [pg from the analog of 
(4.2) developed in Section 4.8. 


From the drain characteristics of Fig. 4-9(b), we see that V7 =4V and that Jp,,=5mA at 
Voson = 8V. Thus, 
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4.3 


4.4 


4.5 


4.6 
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V, 2 ; 2 
Ing = looa( 2) 5x 10-(1 S >) =2.63mA 
Yi 


(Compare Example 4.5.) 


By a method called se/f-bias, the Q point of a JFET amplifier may be established using only a 
single resistor from gate to ground [Fig. 4-5(b) with Veg =O]. If Rp = 3kQ, Ry =2kQ, 
Rg = 5MQ, and Vpp = 20 V in Fig. 4-5(b), and the JFET characteristics are given by Fig. 4-6, 
find (a) Ipg, (4) Veso, and (c) Voso. 


(a) On Fig. 4-6(a) we construct a transfer bias line having a vgs intercept of Vgg =0 and a slope of 
—1/Rs = —0.5m$; the ordinate of its intersection with the transfer characteristic is Jpg = 1.15mA. 


(b) The abscissa of the Q point of Fig. 4-6(a) is Vesg = —2.3 V. 


(c) The dc load line from Example 4.2, already constructed on Fig. 4-6(5), is applicable here. The Q point 
was established at [pg = 1.15mA in (a); the corresponding abscissa is Vpso © 14.2 V. 


Work Problem 4.3, except with the JFET described by the parameter values of Example 4.1, using 
SPICE methods to illustrate the ease with which quiescent values for a JFET circuit can be 
determined. 


The netlist code below describes the circuit of Fig. 4-5(b) with Vg¢g = 0. 


Prb4_4.CIR-Self-bias 

RG 105MEGohm ; VGGnot used 
RS 20 2kohm 

RD 3 4 3kohm 

VDD 4 0 20V 

J3 12NJFET 


. MODEL NJFET NJF( Vto=-4V Beta=0.0005ApVsq 
+ Rd=lohm Rs=lohm CGS=2pF CGD=2pF) 

.DC VDD 20V 20V 1V 

-PRINT DC ID(J) V(1,2) V(3,2) 

. END 


Execute <Prb4_4.CIR> and examine the output file to find (a) Ipg = IDV) = 1.22mA, 
(6) Veso = VU, 2) = —2.44V, and (c) Vpso = V(3, 2) = 13.9V. 


Replace the JFET of Fig. 4-5 with an n-channel enhancement-mode MOSFET characterized by 

Fig. 4-8. Let Vop = 16V, Voso = 8V, Voso = 12 V, Tpo = 1mA, R = 5MQ, and Ry =3MQ. 

Find (a) Veg, (b) Rs, and (c) Rp. 

(a) By (4.3), Veg = RiVpp/(Ri + Ry) = 10V. 

(b) Application of KVL around the smaller gate-source loop of Fig. 4-5(b) with ig = 0 leads to 

Voc = Voso 10-8 
In9 = dL x 1073 


Rs = 2kQ 


(c) Using KVL around the drain-source loop of Fig. 4-5(b) and solving for Rp yield 


Von — Voso —IpoRs _ 16 — 12—(1 x 107*)(2 x 10°) _ 


2kQ 
Ipg 1x 10-3 


Rp = 


The JFET amplifier of Fig. 4-15 shows a means of self-bias that allows extremely high input 
impedance even if low values of gate-source bias voltage are required. Find the Thévenin 
equivalent voltage and resistance for the network to the left of a, b. 
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4.7 


4.8 


+ Vpp 


Fig. 4-15 


With a,b open there is no voltage drop across R3, and the voltage at the open-circuited terminals is 
determined by the R,-R> voltage divider: 
R 


= — —_ J, 
Ri +R DD 


Urn = Veg 


With Vpp deactivated (shorted), the resistance to the left of a, b is 


Rm = Rg = R34 


It is apparent that if R; is made large, then Rg = Z;, is large regardless of the values of R, and R). 


The manufacturer’s specification sheet for a certain kind of n-channel JFET has nominal and 
worst-case shorted-gate parameters as follows: 


Value 


maximum 


nominal 


minimum 


Sketch the nominal and worst-case transfer characteristics that can be expected from a large 
sample of the device. 


Values can be calculated for the nominal, maximum, and minimum transfer characteristics using (4.2) 
over the range —V,9 < vgs < 0. The results are plotted in Fig. 4-16. 


A self-biased JFET amplifier (Fig. 4-15) is to be designed with Vpsg = 15 V and Vpp = 24V, 
using a device as described in Problem 4.7. For the control of gain variation, the quiescent drain 
current must satisfy Jpg = 2+0.4mA regardless of the particular parameters of the JFET 
utilized. Determine appropriate values of Rs and Rp. 


Quiescent points are first established on the transfer characteristics of Fig. 4-16: Qmax at Ipg = 2.4mA, 
Qnom at Ipg = 2.0mMA, and Qmin at Jpg = 1.6mA. A transfer bias line is then constructed to pass through 
the origin (i.e., we choose Vgg = 0) and Qyom. Since its slope is —1/Rs, the source resistor value may be 
determined as 
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Maximum 


Nominal 


Minimum 
Problem 4.8 


Onnax 


__ 0=(©3) 
~G=0 x10" 


: = 750.2 


The drain resistor value is found by applying KVL around the drain-source loop and solving for Rp: 


Vp — Vso —InoRs _ 24 — 15 — (0.002)(750) _ 


R — 
7 Ibo 0.002 


3.75kQ 


When Rs and Rp have these values, the condition on Jpg is satisfied. 


4.9. Ann-channel JFET has worst-case shorted-gate parameters given by the manufacturer as follows: 


Value 


maximum 


minimum 


If the JFET is used in the circuit of Fig. 4-5(b), where Rs = 0, Rg = 1MQ, Rp = 2.2kQ, 
Veg =—1V, and Vpp = 15 V, use SPICE methods to find the maximum and minimum values 
of Ipg and the maximum and minimum values of Vpsg that could be expected. Model the JFET 
by default parameters except for Vto and Beta. 


The netlist code below describes the circuit. 


Prb4_9.CIR - Worst-case study 
. PARAM Vpo=-3V, Ion=8mA 

G 15 1MEGohm 

GG50-1V 

D 342.2kohm 

DD 40 15V 


3 1ONJFET ; RS not used 

. MODEL NUFET NJF( Vto={Vpo} Beta={Ion/Vpo* 2} ) 
.DC PARAM Vpo -3V -6V 3V PARAM Ion 4mA 8mA 4mA 
.PRINT DC ID(J) V(3) 

. END 
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Execute (Prb4_9.CIR) and examine the output file to find the two pairs of values 


Ipomin = 1.78mA, Vpso max = 11.09V 
IpQ max = 5.15mA, Vosomin = 3.66V 


4.10 Gate current is negligible for the p-channel JFET of Fig. 4-17. If Vpp = —20V, Ipss = —10mA, 
Ipg = —8mA, Vo = —4V, Rs = 0, and Rp = 1.5kQ, find (a) Veg and (4) Vpso. 


Fig. 4-17 


(a) Solving (4.2) for vgs and substituting Q-point conditions yield 


Ino 1/2 _g\!2 
Vos = al (722) 1) =—-4 (=) 1] = 0.422V 


With negligible gate current, KVL requires that Vgg = Vgsq = 0.422 V. 


(b) Applying KVL around the drain-source loop gives 


Vso = Von — Ing Rp = (—20) — (-8 x 107*)(1.5 x 10°) = -8 V 


4.11. The n-channel enhancement-mode MOSFET of Fig. 4-18 is characterized by V;=4V and 
Ipon = 10mA. Assume negligible gate current, R; = 50kQ, R, = 0.4MQ, Rs = 0, Rp = 2kQ, 
and Vpp = 15V. Find (a) Vgso, (4) Ing, and (c) Voso. 


(a) With negligible gate current, (4.3) leads to 


Ry 50 x 103 
R+R, 22 50x 103 +0.4 x 10 


Voso = Veg = ; 15=1.67V 


(b) By (4.6), 


Voeso\’ 1.67\" 
Ino = Toon( I 22 = 10x 0 (1 = =) = 3.39mA 
T 


(c) By KVL around the drain-source loop, 


Voso = Von — IngRp = 15 — (3.39 x 10-*)(2 x 10°) = 8.22V 
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Vpp 


Fig. 4-18 


4.12 For the n-channel enhancement-mode MOSFET of Fig. 4-18, gate current is negligible, 
Ino =10mA, and Vr=4V. If Rs =0, Rj = 50kQ, Vpp = 15V, Vesqg =3V, and 
Voso =9V, determine the values of (a) R; and (6) Rp. 


(a) Since ig = 0, Veso = Veg of (4.3). Solving for R» gives 


R,=R, Yoo _ 1) — 59x 10°(1°_~1) = 200K 
~ Voso 3 


(6) By (4.6), 


i} 


Veso\” 3 3\" 
hoe iuli=<“) =x (1-2) s0@5mA 
Vr 4 


Then KVL around the drain-source loop requires that 


Vin Vian 15-9 
Ino —-_—-0.625 x 10 


Rp = ~; = 9.6kQ 


4.13. A p-channel MOSFET operating in the enhancement mode is characterized by V; = —3 V and 
Ipg = —8mA when Vesg=—4.5V. Find (a) Ves if Ing =—16mA and (6) Ipg if 
Veso =—5V. 


(a) Using the given data in (4.6) leads to 


Ing -8 x 1073 
(l—Veso/Vry (1 —(-4.5) — 3)? 


Ipon = 32mA 


Rearrangement of (4.6) now allows solution for Vgsg: 


Ing \'” -16\"? 
vaso = Yo] (72) = (-3)] 1 (=3) = —0.88 V 


(6) By (4.6), 


Veso\ —5\? 
Ing = Inonl 1 @) =-32 x 103(1-—=) =-14.22mA 
2 Vp =3 
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4.14 Then-channel JFET circuit of Fig. 4-19 employs one of several methods of self-bias. (a) Assume 
negligible gate leakage current (i, © 0), and show that if Vpp > 0, then Vgso < 0, and hence the 
device is properly biased. (b) If Rp = 3kQ, Rs = 1kQ, Vpp = 15 V, and Vosg = 7V, find Ipg 


and Veso- 
Vop 
Rp 
R 
. Rs 
= 
Fig. 4-19 
(a) By KVL, 


Von — V, 
= DD DSO () 
Rs + Rp 


Now Vpsg < Vpp, so it is apparent that Ipg > 0. Since ig * 0, KVL around the gate-source loop gives 


Vaso = —IpgoRs <0 (2) 
(b) By (), 
15-7 
Ino = =2mA 
"a= F31 +1 ele 
and (2), 


Veso = -2 x 1077) x 10°) = —2V 


4.15 The n-channel JFET of Fig. 4-20 is characterized by Ipss =SmA and V9 = 3V. Let 
Rp = 3kQ, Rs = 8kQ, Vpp = 15V, and Vs; =—-8V. Find Vesg and Vo (a) if Ve = 0 and 
(b) if Vg = 10V. 
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Applying KVL around the gate-source loop yields 
Ve = Veso + RsIvo + Vss 


Solving (/) for Ipg and equating the result to the right side of (4.2) gives 


Ve — Veso — Vss =. (1 Hose) 
DSS 


T 
Rs 0 


Rearranging (2) leads to the following quadratic in Vggo: 
2 


V9 + 2Ipg5R V, 

po DSS*%S po 

——,, — Vaso + (UnssRs — Ve + Vss) = 0 
IpssRs ON TpssRs °” 


Vso + Vio 


[CHAP. 4 


() 


(2) 


(3) 


Substituting known values into (3) and solving for Vgsg with the quadratic formula lead to 


3+ (2)(5 x 1077)(8 x 1074) (3) 4 5 

V2 3 5x 10-*\(8 x 10°) —0— 8] =0 
eso + (5 x 10-3)(8 x 103) 650 + 0B x 10 [O10 IE x 10) 
so that Véso + 6.225Vgs9 + 7.2 =0 
and Vgso = —4.69V or —1.53V. Since Vgsg = —4.69V < —V,9, this value must be considered 
extraneous as it will result in ip =0. Hence, Vesg = —1.53V. Now, from (4.2), 
Voso\" —1.53\7 
Ing = Ioss(1 + gs0) =5x 10-(1 +) =12mA 

and, by KVL, 


Vo = IngRs + Vsg = (1.2 x 1077)(8 x 10°) + (—8) = 1.6V 
Substitution of known values into (3) leads to 


which, after elimination of the extraneous root, results in Vgsg = —0.936V. Then, as in part a, 


Veso\" —0.936\7 
Io = Toss( 1+ ) =5x 10-*(1+ “ ) =2.37mA 
p 


and Vo = IngRs + Vss = (2.37 x 1077)(8 x 10°) + (—8) = 10.96 V 


4.16 Find the equivalent of the two identical n-channel JFETs connected in parallel in Fig. 4-21. 


in| é 


ivi} 


QO 


Fig. 4-21 
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Assume the devices are described by (4.2); then 


2 2 2 
: js : UGS UGS UGS 
= =Inos{ 1 tInss| 14 = 2 pss{ 1 
Ip = Ip + Ip2 oss( + i) t oss( t i) oss( a i) 


Because the two devices are identical and connected in parallel, the equivalent JFET has the same pinchoff 
voltage as the individual devices. However, it has a value of shorted-gate current [ps5 equal to twice that of 
the individual devices. 


4.17 The differential amplifier of Fig. 4-22 includes identical JFETs with Ipss5 = 10mA and Vy) = 4V. 
Let Vpp = 15 V, Vss = 5V, and Rs = 3kQ. If the JFETs are described by (4.2), find the value 
of Rp required to bias the amplifier such that Vps9,; = Vpsq2 = 7V. 


Fig. 4-22 


By symmetry, [p91 = Jpg2._ KCL at the source node requires that 
Iso = Ipgi1 + p02 = 2!pa1 (1) 
With ig; = 0, KVL around the left gate-source loop gives 


Vesoi = Vss —IsoRs = Vss — 2Ipai Rs (2) 


Solving (4.2) for Vgso and equating the result to the right side of (2) gives 


Ipo1 ve 
V no ( ) 1] = Vgs — 2Ipgi Rs (3) 


Tpss 


Rearranging (3) results in a quadratic in Ipg: 


Vs + Vpo Vio\? 1 Vs + Vio\? 
P po, ("r I : wo) _ 9 
“ | Rs " \2Rs) Ipss | 22" * 2Rs @ 


Substituting known values into (4) yields 


Ibi — 3.04 x 10-72 pg1 +: 2.25 x 107° = 0 (5) 


Applying the quadratic formula to (5) and disregarding the extraneous root yields Ipg; = 1.27mA. 
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Now the use of KVL around the left drain-source loop gives 


Vpn + Vss — Vosoi = Ipo1 Rp + IsoRs (6) 
Substituting (/) into (6) and solving the result for Rp leads to the desired result: 


_ Von + Vss — Vosor — 2paiRs _ 18 +5—7—2(1.27 x 107*)(3 x 10°) 


= 4.20kQ 
Ipa1 1.27 x 10-3 


Rp 


For the series-connected identical JFETs of Fig. 4-23, Ipss =8mA and Vy) =4V. If 
Vpp = 15V, Rp = 5kQ, Rs => 2kQ, and Rg = 1MQ, find (a) Vosoi, (b) Ipo1, (c) Vesoi; 
(4) Veso2, and (e) Vosgp- 


Fig. 4-23 
(a) By KVL, 
Veso1 = Veso2 + Vosoi 
(/) 
But, since [pg = Ipgo, (4.2) leads to 
Veso.\" Vesor\* 
I 1 —2 j 1+— 
oss( + Fa pss\ 1+ ae 
or, Veso1 = Veso2 (2) 


Substitution of (2) into (/) yields Vpso, = 0. 
(b) With negligible gate current, KVL applied around the lower gate-source loop requires that 


Veso1 = —Ipoi Rs. Substituting into (4.2) and rearranging now give a quadratic in Ip): 
Vo ( © oR: Vio\? 
ta0.~ (GE) (nse Fu) * GE) =° 
me Rs} pss - V no ee Re 


Substitution of known values gives 
Ibg1 — 4.5 x 107g: +4 x 10° = 0 


from which we obtain Jpg; = 3.28mA and 1.22mA. The value Jpg; = 3.28mA would result in 
Vesoi < —Vp9, So that value is extraneous. Hence, Ipg; = 1.22mA. 


(0) Veso1 = —Ipoi Rs = —(1.22 x 107)(2 x 10°) = —2.44V 
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(d) From (1) with Vosai = 0, we have Veso2 = Veso =-—2.44V. 
(e) By KVL, 
V psoo = Von — Vosoi — Ingi(Rs + Rp) = 15-0 — (1.22 x 10-72 x 10° +5 x 10°) = 6.46V 


4.19 Identical JFETs characterized by ig = 0, Ipsx = 10mA, and V,) = 4 V are connected as shown in 
Fig. 4-24. Let Rp = 1k, Rs =2kQ, and Vpp =15V, and find (a) Vesoi. (4) Ina, 
(c) Veso2, (2) Vosoi, and (e) Vpse. 


Fig. 4-24 


(a) With negligible gate current, (4.2) gives 


V, 2 
Te. = Ipg, = 9 = Ioss(1 gs01) 
Vino 
So Veso = —Vio =-4V 


(b) With negligible gate current, KVL applied around the lower left-hand loop yields 
Veso2 = —Vesoi — Ipo2Rs (/) 


Substituting (/) into (4.2) and rearranging give 


2 V no se Vesoi\ Rs V0 — Vesoi . 
Ipq2 + 2) 1 Ipno2 4 =0 
Rs] Ubss Vion J Vool ~~ Rs 


which becomes, with known values substituted, 


Tig — 8.4 x 10-7 Ipga + 1.6 x 107° = 0 


The quadratic formula may be used to find the relevant root Ipgz = 2.92mA. 


(c) With negligible gate current, KVL leads to 


Veso2 = —Vesoi — InooRs = —(—4) — (2.92 x 10772 x 10°) = -1.84V 
(d) By KVL, 


Vosoi = Vop — Upai + Ip02) Rv — Ip02Rs — Vesor 
= 15—(0+2.92 x 10-7)(1 x 10°) — (2.92 x 1077)(2 x 10°) — (—1.84) = 8.08 V 
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(e) By KVL, 


Voso2 = Vpp — Unai + Ip02) Rv — Ipa2Rs 
= 15—(0+ 2.92 x 1077)(1 x 10°) — (2.92 x 1073)(2 x 103) = 6.24V 


Fixed bias can also be utilized for the enhancement-mode MOSFET, as is illustrated by the 
circuit of Fig. 4-25. The MOSFET is described by the drain characteristic of Fig. 4-9. Let 
R, = 60kQ, Ry = 40 kQ, Rp = 3kQ, Rp = 1kKQ,Vpp = 15V, and Ce > oo. (a) Find Veso. 
(b) Graphically determine Vpsg and Ipg. 


(a) Assume ig =0. Then, by (4.3), 


Ry 40 x 10° 


Vp Vir= Vou = 15=6V 
GSO "GC RS +R, 40x 10° +60 x 103 


(b) The de load line is constructed on Fig. 4-9 with ups intercept Vpp =15V and ip intercept 
Vop/R, =5mA. The Q-point quantities can be read directly from projections back to the ip and 
Ups axes; they are Vpsg © 11.3 V and Ipg © 1.4mA. 


For the enhancement-mode MOSFET amplifier of Problem 4.20, let v; = sin wt and graphically 
determine wy. 


We have, first, 


_ (3x 10°) x 10°) _ 


0.75 kQ 
3x 10° +1 x 108 


Rac = Rp|| Rt 


An ac load line must be added to Fig. 4-9; it passes through the Q point and intersects the ups axis at 
Voso + IngRac = 11.3 + (1.4 x 1077)(0.75 x 10%) = 12.35V 


Now we construct an auxiliary time axis through the Q point and perpendicular to the ac load line; on it, we 
construct the waveform v,, = v; as it swings 1 V along the ac load line about the Q@ point. An additional 
auxiliary time axis is constructed perpendicular to the ups axis, to display the output voltage uv, = vg, aS Ugs 
swings along the ac load line. 


If, instead of depending on the enhanced channel (see Fig. 4-7) for conduction, the region 
between the two heavily doped nt regions of the MOSFET is made up of lightly doped n 
material, a depletion-enhancement-mode MOSFET can be formed with drain characteristics as 
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Vesor=—4V 


Fig. 4-26 


displayed by Fig. 4-26, where vgs; may be either positive or negative. Construct a transfer 
characteristic for the drain characteristics of Fig. 4-26, and clearly label the regions of deple- 
tion-mode and enhancement-mode operation. 


If a constant value of ups = Veson = 4V is taken as indicated by the broken line on Fig. 4-26, the 
transfer characteristic of Fig. 4-27 results. vgs = 0 is the dividing line between depletion- and enhancement- 
mode operation. 


Depletion | Enhancement =f, 
PARSE RIP Don 
mode mode 


4.23, Acommon-gate JFET amplifier is shown in Fig. 4-28. The JFET obeys (4.2). If Ipss = 10mA, 
Vio =4V, Von = 15V, Ri = Ry = 10kQ, Rp = 5002, and Ry =2kQ, determine (a) Veso, 
(6) Ipg, and (c) Vpso. Assume ig = 0. 


(a) By KVL, 


Ry 


Voso = >= _ Vop — [po RR 7 
GSO R+R, pos (/) 
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Co Co 


Fig. 4-28 


Solving (/) for Ipg and equating the result to the right side of (4.2) yield 


R) 
= Von — V 
R, + Ry QD GSQ 7 toss( ’ Meso) (2) 
Rs Si Vo 
Rearranging leads to a quadratic in V¢so, 
V0 RV pp 
Véso + | 2V0 +—— ) Veso + Val =0 (3) 
: ”~ InssRs oe (Ri + Ro pssRs 
or, with known values substituted, 
Viso + 8.8Vesq +10 =0 (4) 
Solving for Vgso and disregarding the extraneous root Vgsg = —7.46 < —V,9, we determine that 
Voso = —1.34V. 
(5) By (4.2), 


Voso\" —1.34\" 
Ino = Ioss( 1 + es0) = (10x o-(1 +=) =4.42mA 
= V no 4 


(c) By KVL, 
Voso = Von — Ipg(Rs + Rp) = 15 — (4.42 x 1077)(2 x 10° + 500) = 3.95V 


4.24 For a triode with plate characteristics given by Fig. 4-29, find (a) the perveance x and (b) the 
amplification factor ju. 


(a) The perveance can be evaluated at any point on the vg = 0 curve. Choosing the point with coordinates 
ip = 15mA and vp = 100V, we have, from (4.9), 


ip 15x 107 
vi? 1008/7 


k= = 15 nA/Vv?”” 
(b) The amplification factor is most easily evaluated along the vp axis. From (4.9), for the point 
ip = 0, vp = 100 V, vg = —4V, we obtain 


vp 100 _ 


—=25 
=4 


4.25 The amplifier of Example 4.7 has plate current 
ip =Ip+i, =8+ cosat mA 
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ip, mA &: 


30 fé 


47 ——— 


0 100 I 1200 1 300 Up, V 
I 


152 186-218 up, V 


Fig. 4-29 


Determine (a) the power delivered by the plate supply voltage Vpp, (b) the average power 
delivered to the load R;, and (c) the average power dissipated by the plate of the triode. (d) If 
the tube has a plate rating of 2 W, is it being properly applied? 


(a) The power supplied by the source Vpp is found by integration over a period of the ac waveform: 


1 T 
Prp= = | V ppip dt = VppIp = (300)(8 x 107°) = 2.4W 
0 


1x 1073 


2 
i i 2, 72 ’ 
| ipR, dt = R,Ip +1,) = 10 x 10°] (8 x 10-7) + (——=—] | =0.645w 
0 J2 


(b) Py == 


(c) The average power dissipated by the plate is 
Pp = Ppp — P, = 2.4— 0.645 = 1.755 W 
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(d) The tube is not properly applied. If the signal is removed (so that ip = 0), then the plate dissipation 
increases to Pp = Ppp = 2.4W, which exceeds the power rating. 


The plate efficiency of a vacuum-tube amplifier is defined as the ratio of ac signal power delivered 
to the load to plate supply power, or Pyac/Ppp. (a) Calculate the plate efficiency of the amplifier 
of Problem 4.25. (b) What is the maximum possible plate efficiency for this amplifier without 
changing the Q point or clipping the signal? 

PR, (1073//2)?(10 x 10°) 


P 100° = 
Pasle um) 2.4 


Prac 
(a) n=—* (100%) = (100%) = 0.208% 
Ppp 


(b) Ideally, the input signal could be increased until ip swings +8 mA; thus, 


8 2 
Nmax = (;) (0.208%) = 13.31% 


The triode amplifier of Fig. 4-30 utilizes cathode bias to eliminate the need for a grid power 
supply. The very large resistance Rg provides a path to ground for stray charge collected by the 
grid; this current is so small, however, that the voltage drop across Rg is negligible. It follows 
that the grid is maintained at a negative bias, so 


Ug = —Rxip () 


Fig. 4-30 


A plot of (1) on the plate characteristics is called the grid bias line, and its intersection with the dc 
load line determines the Q point. Let Ry; = 11.6kQ, Rx = 400, Rg = 1 MQ, and Vpp = 300 V. 
If the plate characteristics of the triode are given by Fig. 4-31, (a) draw the dc load line, 
(b) sketch the grid bias line, and (c) determine the Q-point quantities. 


(a) The dc load line has horizontal intercept Vpp = 300 V and vertical intercept 


V pp Vop 300 
Roe RetRe (11.6+0.4) x 103 


=25mA 


as shown on the plate characteristics of Fig. 4-31. 

(6) Points for the plot of (/) are found by selecting values of ip and calculating the corresponding values of 
vg. For example, if ip = 5mA, then vg = —400(5 x 1073) = —2V, which plots as point | of the dashed 
grid bias line in Fig. 4-31. Note that this is not a straight line. 


(c) From the intersection of the grid bias line with the dc load line, Jpg = 10mA, Vpg = 180 V, and 
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ip, mA 


30 F 


20 
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pm 


Fig. 4-31 


Supplementary Problems 


In the JFET amplifier of Example 4.2, R, is changed to 2 MQ to increase the input impedance. If Rp, Rs, 
and Vpp are unchanged, what value of R, is needed to maintain the original QO point? Ans. 15.67MQ 


Find the voltage across Rs in Example 4.2. Ans. 3V 
Find the input impedance as seen by source v; of Example 4.2 if Ce is large. Ans. 940kQ 


The method of source bias, illustrated in Fig. 4-32, can be employed for both JFETs and MOSFETs. Fora 
JFET with characteristics given by Fig. 4-6 and with Rp = 1kQ, Rs = 4kQ, and Rg = 10 MQ, determine 
Vpp and Vg so that the amplifier has the same quiescent conditions as the amplifier of Example 4.2. 
Ans. Vs5 =4V,Vpp = 16V 


In the drain-feedback-biased amplifier of Fig. 4-9(a), Vpp = 15V, Rp = 5MQ, Ipg =0.7mA, and 
Veso =4.5V. Find (a) Vpso and (5) R;. Ans. (a) 4.5V; (b) 14kQ 


A JFET amplifier with the circuit arrangement of Fig. 4-5 is to be manufactured using devices as described in 
Problem 4.7. For the design, assume a nominal device and use Vpp = 24V, Vpsg = 15 V, Ipg = 2mA, 
R,; =2MQ, and Ry = 30MQ. (a) Determine the values of Rs and Rp for the amplifier. (5b) Predict the 
range Of [pg that can be expected. Ans. (a) Rs = 1.475kQ, Rp = 3.03 kQ; (b) 1.8 to 2.2mA 


To see the effect of a source resistor on Q-point conditions, solve Problem 4.10 with Rs = 500 Q and all else 
unchanged. Ans. (a) Veg =—3.58V; (b) Vpso = —4V 
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< 
+ Vpp 


ce 


7 


g 
= a Vss 


Fig. 4-32 


Solve Problem 4.12 with a 200-Q source resistor Rs added to the circuit, and all else unchanged. 
Ans. (a) Ro =190kQ; (6) Rp = 9.4 RQ 


For the n-channel JFET circuit of Fig. 4-20, Ipss = 6mMA, Vy = 4 V, Rp = 5kQ, Rs = 10kKQ, Vpp = 15V, 
and Vs; =10V. The JFET is described by (4.2). (a) Find the value of Vg that renders V, = 0, and 
(b) determine Vpso if V, = 0. Ans. (a) 17.63V; (b) 10V 


In the differential amplifier of Fig. 4-22, the identical JFETs are characterized by Ipss = 10mA, Vio = 4V, 
and ig =0. If Vop => 15V, Vss => SV, Rs => 3kQ, and Rp => 5kQ, find Tpai and Vpsai- 
Ans. 1.27mA, 6.03 V 


The differential amplifier of Fig. 4-22 has the circuit element values of Problem 4.37. The identical JFETs 
are described by the model of Example 4.1. Use SPICE methods to determine voltage v,,; = v,2. (Netlist 
code available from author website.) Ans. 8.81 V 


A voltage source is connected to the differential amplifier of Fig. 4-22 such that Vg; =0.5V. Let 
Vop = 1SV, Vss =2V, Ipss = 10mMA, V9 = 4V for the identical JFETs, Rp = 6kQ, and Rs = 1kQ. 
Find (a) v,; and (db) v9). Ans. (a) 2.53V;  (b) 8.42V 


For the series-connected, nonidentical JFETs of Fig. 4-23, ig) = ig2 = 0, Ipss; = 8MA, ps5. = 10mA, and 
Vo = Vno2 =4V. Let Vop = 15V, Rg = 1MQ, Rp = 5kQ, and Rs =2kQ. Find (a) Ipai; 
(5) Vesoi. (©) Vesor, (4) Vosoi, and (e) Voseo. 

Ans. (a) 1.22mA; (6b) —2.44V; (c) —2.605V; (d) 0.165V; (e) 6.295 V 


The series-connected, identical JFETs of Fig. 4-23 are characterized by Ipss = 8mA,V,) =4V, and 
ig =0.5uA. If Vpp = 1S V, Rp = SkQ, Rs = 2kQ, and Rg =1MQ, find (a) Vesai, (4) Vesor, 
(c) Vpsoi, and (d) Vpsop. Ans. (a) =—3.44V; (b) —3.44V; (c) OV; (d) 6.46V 


In the circuit of Fig. 4-24, the identical JFETs are described by Ipss = 8mA, V9 = 4V, and ig = 0.1 uA. If 
Rp = 1kQ, Rs => 2kQ, Rg = 1MQ, and Vop = 15V, find (a) Vosoi (b) Voso2 (c) Ipg2; 
(2) Voso2, and (e) Vpsai- 

Ans. (a) —3.986V; (6b) —1.65V; (c) 2.76mA; (d) 6.72V; (e) 8.37V 


For the enhancement-mode MOSFET of Problem 4.20, determine the value of Zpon. Ans. 5.6mA 


Let Vpp = 15 V, Rp = 1kQ, Rs = 500Q, and R, = 10kQ for the circuit of Fig. 4-18. The MOSFET is a 
depletion enhancement mode device that can be characterized by the parameters of Example 4.2 except that 
Vto = —4V. Use SPICE methods to determine the range of R, such that the MOSFET is (a) biased for 
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4.45 
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depletion-mode operation (Vgsg < 0) and (b) enhancement-mode operation (Vgsg > 0). (Netlist code 
available from author website.) Ans. (a) Ri > 2.71kQ;  (b) Ry < 2.71kQ 


The common-gate JFET amplifier of Problem 4.23 is not biased for maximum symmetrical swing. Shift the 
bias point by letting R; = 10kQ and Ry = 5kQ while all else is unchanged. Does the amplifier bias point 
move closer to the condition of maximum symmetrical swing? Ans. Yes; Vpsg = 6.59V 


In the circuit of Fig. 4-33, Rg >> Rs}, Rs. The JFET is described by (4.2), Ipss = 10mA, Vio = 4V, 
Vop = 15V, Vpso = 10 V, and Veso =-2V. Find (a) Rs, (b) Rs, and (c) Us. 
Ans. (a) 800Q; (6) 1.2kQ; (c) 5V 


Transistor Bias 
Considerations 


5.1. INTRODUCTION 


In the initial design of transistor circuits, the quiescent operating point is carefully established to 
ensure that the transistor will operate within specified limits. Completion of the design requires a check 
of quiescent-point variations due to temperature changes and unit-to-unit parameter differences, to 
ensure that such variations are within an acceptable range. _As the principles of operation of the 
BJT and FET differ greatly, so do the associated methods of Q-point stabilization. 


5.2, B UNCERTAINTY AND TEMPERATURE EFFECTS IN THE BJT 


Uncertainty as to the value of 6 may be due either to unit-to-unit variation (which may reach 200 
percent or more) or to temperature variation (1 percent/°C or less); however, since unit-to-unit variation 
has the greater effect, a circuit that has been desensitized to such variation is also insensitive to the effect 
of temperature on 8. The design must, however, directly compensate for the effects of temperature on 
leakage current I-g9 (which doubles for each 10°C rise in temperature) and base-to-emitter voltage V gro 
(which decreases approximately 1.6mV for each 1°C temperature increase in Ge devices, and approxi- 
mately 2mV for each 1°C rise in Si devices). 


Constant-Base-Current Bias 


The constant-base-current bias arrangement of Fig. 3-14 has the advantage of high current gain; 
however, the sensitivity of its Q point to changes in 6 limits is usage. 


Example 5.1. The Si transistor of Fig. 3-14 is biased for constant base current. Neglect leakage current Jogo, and 
let Vec = 15V, Rp = 500 kQ, and Re =5kQ. Find Ico and V ceo (a) if B = 50, and (b) if B = 100. 


(@) By KVL, 
Voc = Veco + IpoRp (5.1) 
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Since Igg = Icg/f, we may write, using (5./), 
Bcc — Vero) — 50(15 — 0.7) 


Ico = Blgo = = 1.43mA 5.2 
co = Bling Rp 500 x 108 - ey 
so that, by KVL, 
Vero = Veo — IcoRc = 15 — (1.43)(5) = 7.85 V (5.3) 
(b) With B changed to 100, (5.2) gives 
100(15 — 0.7 
a geek 


c2~ 500 x 103 
and, from (5.3), 
Verg = 15 — (2.86)(5) = 0.7V 


Note that, in this example, the collector current J¢g doubled with the doubling of 8, and the Q point 
moved from near the middle of the dc load line to near the saturation region. 


Example 5.2. Show that, in the circuit of Fig. 3-14, I¢g varies linearly with 6 even if leakage current is not 
neglected, provided B > 1. 
Using the result of Problem 3.36(a) and KVL, we have 


Ico — (B + DIceo 
Iga Rp = 2 B Rg = Veco — Veeco 


Rearranging and assuming 6 > | lead to the desired result: 


_ BVcc — Veo) , B+1 ~ BV cc — Varo) , 
+ Ico © 
Rp B Rp 


Ico IcBo 


Constant-Emitter-Current Bias 


In the CE amplifier circuit of Fig. 5-1, the leakage current is explicitly modeled as a current source. 


Fig. 5-1 


Example 5.3. Use the circuit of Fig. 5-1 to show that (3.8) is the condition for B-independent bias even when 
leakage current is not neglected. 
By KVL, 


Veep =1e0Rp + Veco +leoRe (5.4) 
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Using the results of Problem 3.36 and assuming that B > 1, we may write 


B+1 
Trg = —-- (Ico — Icso) © Ico — Ico (5.5) 
Ic B+ 1 Ic 
and Iz9 = a B Tczo © " TcBo (5.6) 


Substituting (5.5) and (5.6) into (5.4) and rearranging then give 


Vee — Veco t+ Iceo(Re t+ Re) 
Rg/B+ Re 


Icg = (5.7) 


From (5.7) it is apparent that leakage current /-go increases cg. However, Ig is relatively independent of 6 only 
when Rz/B K Re. 


Shunt-Feedback Bias 


A compromise between constant-base-current bias and constant-emitter-current bias is offered by 
the shunt-feedback-bias circuit of Fig. 3-17, as the following example shows. 


Example 5.4. In the shunt-feedback-bias circuit of Fig. 3-17, Veco =15V, Re =2kQ, Rp = 150kQ, and 
Icgo © 9. The transistor is a Si device. Find I¢g and Vcgg if (a) B = 50 and (6) B = 100. 


(a) By KVL, 


' ' 1a0\ 4. £00 
Veo = Uco + Igo) Rc + Ino Rr + Vezo = | Ico + B RecA B Rr + Veco 


BVcc — Veo) 50(15 — 0.7) 
~ Re +(B+ Re 150 x 10° + (51)(2 x 10°) 


so that Ico = 2.84mA 


Now KVL gives 


1 
Vero = Veco — Uso + Ico) Re = Vee (; 1) eoRe 


1 
= 15— (s+ 1)i2.84 x 1073)(2 x 10°) = 9.21V 


(b) For 6 = 100, 
100(15 — 0.7) 


Ico = = 4.06mA 
Co 150 x 10° + (102 x 10°) vr 
1 
and Vero = 15- (aot 1)(4.06 x 1073)(2 x 10°) = 6.80 V 


With shunt-feedback bias the increase in /¢g is appreciable (here, 43 percent); this case lies between 
the f-insensitive case of constant-emitter-current bias and the directly sensitive case of constant-base- 
current bias. 


Example 5.5. Neglecting leakage current in the shunt-feedback-bias amplifier of Fig. 3-17, find a set of conditions 
that will render the collector current J¢g insensitive to small variations in B. Is the condition practical? 
From Example 5.4, if B > 1, 


Veco—Vero _ Vcc — Veco 
Ico — ~ R 
Rr , B+1 R F 
t a 
B B B 
The circuit would be insensitive to 6 variations if Rr/B < Rc. However, since 0.3 < Vggo < 0.7, that would lead to 
IcoRc > Vec; hence, Vezg would come close to 0 and the transistor would operate near the saturation region. 
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5.3. STABILITY-FACTOR ANALYSIS 


Stability-factor or sensitivity analysis is based on the assumption that, for small changes, the variable 
of interest is a linear function of the other variables, and thus its differential can be replaced by its 
increment. Ina study of BJT Q-point stability, we examine changes in quiescent collector current J¢g 
due to variations in transistor quantities and/or elements of the surrounding circuit. Specifically, if 


Tco =f(B, Tego; Vero: oe) (5.8) 
then, by the chain rule, the total differential is 
aco aco alco 
deg = —d dc —— dV. tee 59 
co = 5B B+ Deno 8? + a ax BEQ + (5.9) 
We may define a set of stability factors or sensitivity factors as follows: 
Al ac 
p= | & me (5.10) 
AB lo 98 Ig 
Al, ol 
C2) Ree (5.11) 
Alczolo  %!czo lo 
Ale ac 
Sy SE) pee (5.12) 
AVezolo Veo lo 


and soon. Then replacing the differentials with increments in (5.9) yields a first-order approximation to 
the total change in Jcg: 


Alcg © Sp AB+ S7 Alcgo + Sy AV peo + ° (5.13) 


Example 5.6. For the CE amplifier of Fig. 5-1, use stability-factor analysis to find an expression for the change in 
Ico due to variations in B, Ic¢go, and V go. 
The quiescent collector current I¢g is expressed as a function of 8, Jcgo, and Vggo in (5.7). Thus, by (5./3), 


Alco © Sp AB + S; Alcgo + Sv AV gzo (5.14) 


where the stability factors, according to (5./0) through (5./2), are 


S.= cg 9 4 Vea — Vero + Icpo( Rp + se — RalV aa — Vero + Icpo( Re t+ Rz)] (5.15) 
pap ap Ry + BRe (Rp + BRe) 
alco Rp + Re 
5, = tleo _ 5.16 
Acpo Re/B+ Re on) 
al 
Sy ae B (5.17) 


7 OV gE0 Rat BRe 


5.4. NONLINEAR-ELEMENT STABILIZATION OF BJT CIRCUITS 


Nonlinear changes in quiescent collector current due to temperature variation can, in certain cases, 
be eliminated or drastically reduced by judicious insertion of nonlinear devices (such as diodes) into 
transistor circuits. 


Example 5.7. In the CE amplifier circuit of Fig. 5-1, assume that the Si device has negligible leakage current and 
(3.8) holds to the point that Rg/f can be neglected. Also, Vggq decreases by 2mV/°C from its value of 0.7 V at 
25°C. Find the change in J¢g as the temperature increases from 25°C to 125°C. 

Let the subscript 1 denote “at T = 25°C,” and 2 denote “at T = 125°C.” Under the given assumptions, (5.7) 
reduces to 


Veep — Veco 


Ico = Re 
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The change in Jcg is then 


0.002(T, —T,) 0.2 
Alcg = Ico2 — Ico. = Re i= Re 


Example 5.8. Assume that the amplifier circuit of Fig. 5-2 has been designed so it is totally insensitive to varia- 
tions of 8. Further, Rg >> Rp. Asin Example 5.7, Vgzg is equal to 0.7 V at 25°C and decreases by 2mV/°C. Also 
assume that Vp varies with temperature exactly as Vggq does. Find the change in /¢g as the temperature increases 
from 25°C to 125°C. 


Fig. 5-2 


A Thévenin equivalent circuit can be found for the network to the left of terminals A, A, under the assumption 
that the diode can be modeled by a voltage source Vp. The result is 


Rry = RollRp © Ro 
Vea—Vp _ VepRp + VoRe 


V. Vp R 
Th OER eR D Bae, 


With the Thévenin equivalent in place, KVL and the assumption Igg = Ic¢g/B © Igq/B give 
(VepRp + VpRsg)/(Rp + Ra) — Veco 
Rp/B+ Re 


Now if there is total independence of 8, then Rp/f must be negligible compared with R;. Further, since only Vp 
and Vggo are dependent on temperature, 


Ry Vp OV gg 


~ 


Ico ~ Tro 


Aco Rgt+Rp dT aT 0.002Rp _ 0.002 Rp 
aT Re Re(Rpt+Rp) Re Re 
al 0.002 R 0.2 R 
Hence, Alcg ¥ 2 AT = > 100=——? 
aT Re Rp Re Rp 


Because Rp < Rz here, the change in J¢g has been reduced appreciably from what it was in the 
circuit of Example 5.7. 


5.5. Q-POINT-BOUNDED BIAS FOR THE FET 


Just as 6 may vary in the BJT, the FET shorted-gate parameters /pss5 and V,) can vary widely within 
devices of the same classification. It is, however, possible to set the gate-source bias so that, in spite of 
this variation, the Q point (and hence the quiescent drain current) is confined within fixed limits. 

The extremes of FET parameter variation are usually specified by the manufacturer, and (4.2) may 
be used to establish upper and lower (worst-case) transfer characteristics (Fig. 5-3). The upper and 
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ip 


[ DSSmax 


[ DSSmin 


Tpomax 


I DQmin 


~ Vomax = Vino min V GSOmax VGesomin GG ’Gs 


Fig. 5-3 


lower quiescent points Qmax and Qmin are determined by their ordinates Jpgmax and Ipgmin; We assign 
Tpomax aNd Ipgmin a8 the limits of allowable variation of Jpg along a dc load line superimposed on the 
family of nominal drain characteristics. (These in turn establish Vpsgmax and Vpsg min. respectively.) 
This dc load line is established by choosing Rp + Rg in a circuit like that of Fig. 4-5 so that vp, remains 
within a desired region of the nominal drain characteristics. 

If now a value of Rg is selected such that 


> \Veso max —_ Voso min| 


Rs 


(5.18) 
Tp max _ Tpg min 
Then the transfer bias line with slope —1/Rs and vgs intercept Vgg = 0 is located as shown in Fig. 5-3, 
and the nominal Q point is forced to lie beneath Q,,,, and above Omin, so that, as desired, 


Ip min Ss Tpo s Tpg max 


With Rs, Rp, and Vgg already assigned, Rg is chosen large enough to give a satisfactory input 
impedance, and then R, and R, are determined from (4.3). Generally, Rs will be comparable in 
magnitude to Rp. To obtain desirable ac gains, a bypass capacitor must be used with Rg, and an ac 
load line introduced; they are analyzed with techniques similar to those of Section 3.7. 


5.6. PARAMETER VARIATION ANALYSIS WITH SPICE 


PSpice offers two features that allow direct study of circuit performance change due to parameter 
variation. The first of these features is simply called sensitivity analysis. It is invoked by a control 
statement of the following format: 


-SENS sensitive variable 


The sensitive variable can be any node voltage or the current through any independent voltage source. A 
table is generated in the output file that gives the sensitivity of the sensitive variable to each parameter 
(specified or default) in the model of all BJTs and diodes that are directly comparable with (5.//) and 
(5.12). 


Example 5.9. For the amplifier of Fig. 5-1, use SPICE methods to determine the sensitivity of I¢g to changes in B 
(a) if Rg/B < Rez and (6) if Rg/B > Re. Bias the transistor such that Vcgg has approximately the same value for 
both cases. 
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(a) The generic npn transistor of Example 3.2 is used. It is not necessary to add the current source [¢go of Fig. 5-1 
as the parameter /sc of the transistor model specifies the collector-base leakage current. Set Vgz, = —1V, 
Veco = -ISV, Rp = 2kQ, Re = 5kQ, and Re = 200Q. The netlist code below describes the resulting circuit. 


Ex5_9.CIR 
VBBO1-1V 
vec 0 4-15V 
RB 12 2kohm 
RC 3 45kohm 
RE 50 2000hm 


Q3 25 QNPNG 

. MODEL QNPNG NPN (Is=10fA Ikf=150mA Isc=10fA B£f=150 
+ Br=3 Rb=lohm Rc=1lohm Va=75V Cjc=10pF Cje=15pF) 

. SENS I(VCC) 

. PRINT DC IC(Q) IB(Q) 

.- END 


Execute (Ex5_9.CIR) and examine the output file to find values for calculation of 8. 


(VCC) _ 1.568 x 107° 


= 160.8 
B I(VBB) 9.751 x 10-6 
Hence, 
Rp 2x 10° 
=3 =" = 1242 « Rp = 2002 
B 1608 « Rg = 200 


From the sensitivity output table, find Sz = 6.127 x 107! A/unit. 

(b) Edit (Ex5_9.CIR) to set Vgzg = —1.32 and Rg = 35kQ. Leave other values unchanged. Execute (Ex5_9.CIR) 
to see that V(3, 5) = Vegg = 6.86 V [V(3) — V(5) from small signal bias solution in output file] which is approxi- 
mately equal to the value of 6.84 V in part (a). With the same quiescent point, 6 is unchanged and 


Rg 35x 10° 


ee 6S Ry 0G 
B 156.3 ie 


From the sensitivity table in the output file, find Sz = 4.945 x 10° A/unit. Thus, the sensitivity of Icq to 
variation in B has increased by a factor of 8 over the case of part (a) where Rg/B & Re. 


The second PSpice feature for convenient study of circuit performance change due to parameter 
variation is known as worst-case analysis. It is implemented by a control statement of the following 
format: 


-WCASE analysis type sensitive variable YMAX DEVICES device type 


The analysis type may be ac, dc, or transient as specified in the netlist code. The sensitive variable can be 
any current or voltage. The device type can be any element of the circuit that has a model explicitly 
appearing in the netlist code. The percentage deviation (DEV) for the parameter of interest must be 
specified within the model parameter list. 

The worst-case analysis actually calculates the circuit performance at the extremes of operation 
rather than giving a projected change as results from the sensitivity analysis. Owing to the nonlinear 
nature of many device parameter changes, the worst-case analysis should be used if other than a small 
change in the operating point is anticipated to give a better accuracy than would result from sensitivity 
analysis. 


Example 5.10. For the circuit of Fig. 5-1, let Vgg = —1.32V, Vcc = —I15V, Rg = 35kQ, Re = 5kQ, and 
Rg; = 200Q. Use the npn transformer of Example 5.9, where the current source Jcgg is modeled by the parameter 
Isc = 10fA. As in part (b) of Example 5.9, the transistor is biased for near-maximum symmetrical swing, but with 
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Rz/B > Re so that its collector current Jcg is significantly sensitive to changes in the value of 8. Use SPICE 
methods to determine the worst-case change in Jcg due to a 50 percent change in the value of £. 

The transistor parameter list in the .MODEL statement must be modified from that of Example 5.9 to add the 
DEV =50% immediately following Bf=150 as shown in the netlist code that follows: 


Ex5_10.CIR 
VBB0O1-1.32V 
vcc04-15V 
RB 12 35kohm 
RC 3 45kohm 
RE 50 200o0hm 


Q3 25 QNPNG 
. MODEL QNPNG NPN (Is=10fA Ikf=150mA Isc=10fA B£=150 

+ DEV 50% Br=3 RB=lohm Rc=1lohm Va=75V Cjc=10pF Cje=15pF) 
-DC VCC -15V -15V 1V 


.-WCASE DC IC(Q) YMAX DEVICES Q 
- END 


Execute (ExS_10.CIR) and poll the output file to find the worst-case deviation is a 495 A reduction of I¢g which 
occurs for 6 = 75 or for 50 percent of the nominal value of 6. Due to the nonlinear nature about the point of 
operation, the deviation for 6 = 225 or for 150% of the nominal value of 6 was the lesser deviation. The particular 
value of Icg for 6 = 225 can be determined by changing YMAX to MIN in the .WCASE statement, executing 
(Ex5_10.CIR), and examining the output file. 


Solved Problems 


5.1. Leakage current approximately doubles for every 10°C increase in the temperature of a transistor. 
If a Si transistor has Icgg = 500nA at 25°C, find its leakage current at 90°C. 


Tero = (500 x 107°)2°0-75)/19 = (500 x 107°)(90.51) = 45.25 wA 


5.2 Sketch a set of common-emitter output characteristics for each of two different temperatures, 
indicating which set is for the higher temperature. 


The CE collector characteristics of Fig. 3-3(c) are obtained as sets of points Uc, Vcg) from the ammeter 
and voltmeter readings of Fig. 3-3(a)._ For each fixed value of Jp, Ic = BIg + (8 + 1)Jcgo must increase with 
temperature, since J¢gg increases with temperature (Problem 5.1) and £ is much less temperature sensitive 
than Jcgo. The resultant shift in the collector characteristics is shown in Fig. 5-4. 


5.3. In the circuit of Fig. 3-13, a transistor that has 6 = f, is replaced with a transistor that has 
B= B>. (a) Find an expression for the percentage change in collector current. (b) Will collector 
current increase or decrease in magnitude if B, > B,? Neglect leakage current. 


(a) By KVL, 
Veco =1p0Rp + Veco + leoRe (1) 


Using (3.2) and (3.4) in (J) and rearranging lead to 


V V, Rpt Re) 2 + Rel 2 
cc BEO = (Re Hat ELCO (2) 
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Fig. 5-4 


This equation may be written for the original transistor (with 6 = 6; and Ic¢g = J¢g,) and for the 
replacement transistor (with 6; and I¢g)). Subtracting the former from the latter then gives 


Tco2 Iai 
By By 


If we define I¢g2 = Icg: + Alcg, then (3) can be rewritten as 
Bi (coi + Alco) — Bot co1 


O= (Regt Re)( ) + ReUco2 — Ico1) (3) 


0 =(Rg+ Rx) ae + Rg Alco 
which, when rearranged, gives the desired ratio: 
Alco _ (B2 — Bi)(Ra + Re) (100%) (4) 


Ico. BilRg + (Bo + 1) Re] 


(b) By inspection of (4), it is apparent that AJ¢g is positive for an increase in 6 (B) > fj). 


5.4 Use SPICE methods to show the sensitivity of 6 and Vggg as the operating temperature ranges 
from 0 to 125°C if the transistor is the npn device of Example 5.9. 


The netlist code that follows establishes the desired sweep of temperature with Iggq = Ib set at a 
reasonable value of 150 wA. 


Prb5_4.CIR 
Ib 01150uA 

Q 210 QNPNG 

vce 2015V 

. MODEL QNPNG NPN (Is=10fA Ikf=150mA Isc=10fA Bf=150 


+ Br=3 Rb=lohm Rc=1lohm Va=75V Cjc=10pF Cje=15pF) 
-DC TEMP 0 1255 

- PROBE 

- END 


After executing (Prb5_4.CIR), use of the Probe feature of PSpice allows plotting of 6 versus temperature and 
Vero versus temperature as shown by Fig. 5-5. Inspection of the plot shows that the variation of 6 with 
temperature is significantly less than 1%/°C, supporting the implication of Section 5.2 that it is the unit-to- 
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5.5 


5.6 


Fig. 5-5 


unit variation of 6 rather than temperature that is of concern. However, the plot shows that the value of 
Veo does change significantly with temperature as claimed in Section 5.2. 


If the transistor of Problem 5.4 is supplied by a constant base current [ggg = 75 wA, use SPICE 
methods to let 6 range from 50 to 200 and plot the resulting collector characteristics to show the 
impact of unit-to-unit variations in . 


The netlist code below sets 6 as a parameter to range from 50 to 200 in increments of 50. 


Prb5_5.CIR 
. PARAM Bet a=0 
Ib0175uA 

Q 210 QNPNG 
vc 200V 


- MODEL QNPNG NPN (Is=10fA Ikf=150mA Isc=10fA Bf={Beta} 
+ Br=3 Rb=lohm Rc=1lohm Va=75V Cjc=10pF Cje=15pF) 

-DC VC OV 15V 1V PARAM Beta 50 200 50 

. PROBE 

- END 


After executing (Prb5_5.CIR), the plot of Fig. 5-6 is made using the Probe feature of PSpice. Inspection of 
the resulting plot shows that for a particular value of Vcgg and Igg, the collector current Jcg varies nearly 
directly with £; thus, the conclusion of Example 5.2 is substantiated by numerical example. 


The transistor in the circuit of Fig. 3-19 is a Si device with I¢g9 © 0. Let Vee = 18 V, Veg =4V, 
Rp = 2kQ, Rc = 6kQ, and Rg=25kQ. Find Ic¢g and Vegg (a) for B= 50 and (6) for 
B= 100. 


(a) By KVL around the base-emitter loop, 
Vee — Veco =1e0Rp + leoRe (1) 


We let Igg = Icog/B and Ipg = Icg(6 + 1)/f in (/) and rearrange to obtain 
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Beta=50 


Vee—Vero _ 4—-0.7 
Rg B+1 25x 10° 51 
—+——R me 

BB Sey. ag 
Then KVL around the collector loop with Igg = Icg(B + 1)/B yields 


1 51 
Vero = Vec + Vee (Re ; io Re) leo = 1844 (s ae 2\3)= 11.55V 


=13mA 


Ico = 
(2 x 10°) 


(b) For 6 = 100, 
oie: 4-0.7 
©2 ~ 95 x 103/100 + (101/100)(2 x 10°) 


101 
Veg =18+4 (s snr 


= 145mA 


Jaas) = 10.37V 


5.7 In the circuit of Fig. 3-19, under what condition will the bias current J¢g be practically indepen- 
dent of 6 if Iczq © 0? 


With 6 > 1, the expression for J¢g from Problem 5.6 gives 


B B B 


It is apparent that J¢g is practically independent of 6 if Rg/B « Rg. The inequality is generally considered 
to be satisfied if Rg < BR,/10. 


5.8 In the circuit of Fig. 3-23, the Si transistor has negligible leakage current, Veo = 15 V, Veg = 5V, 
Rez = 3kQ, and Ro =7kQ. Find Ig, Ig9, and Vcgg if (a) B=S0 and (6) B= 100. 
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5.9 


5.10 


(a) KVL around the base loop yields 
_ Vee —Verg _4-—9.7 


I =1.1mA 
EQ Rp 3x 103 m0 
50 
I 1.078 x 1073 
and Ing = a= = Oe eit Soak 


and KVL around the collector loop gives 
Vero = Veo + Ver — TeoRe — IcoRc = 15 +5 — ..1)(3) — ..078)(7) = 9.154 V 


(6) For 6 = 100, zg is unchanged. However, 
100 


Ieg = yoy 1-1 = 1.089mA 
1.089 x 1073 
Ing = gq — = 10.89 wA 
and Vong = 15 + 5 — (1.1)(3) — (1.089)(7) = 9.077 V 


In the circuit of Fig. 3-14, let Vee = 15 V, Rg = 500kQ, and Re = 5kQ. Assume a Si transistor 
with Icgo © 0. (a) Find the £ sensitivity factor Sg and use it to calculate the change in J-¢g when 
B changes from 50 to 100. (6) Compare your result with that of Example 5.1. 
(a) By KVL, 

_ Ico 
Voc = Veco + IpoRp = Veco + B Rez 


—_ BV cc — Vexo) 
sia aa 


so that Ico 


and by (5./0), 


dco Vec aot VEO 15 —0.7 


= 28.6 x 107° 
ap Rp 500 x 105 sa 


Sp 
According to (5./3), the change in J¢g due to f alone is 
Alco © Sg Ag = (28.6 x 10-°)(100 — 50) = 1.43mA 
(b) From Example 5.1, we have 
Alcg = Tco|p=100 = Tcol|p=50 = 2.86 a 1.43 = 1.43 mA 


Because I¢g is of the first degree in 8, (5.13) produces the exact change. 


For the amplifier of Fig. 3-8, (a) find the 6 sensitivity factor and (b) show that the condition 
under which the £ sensitivity factor is reduced to zero is identical to the condition under which the 
emitter current bias is constant. 


(a) Since 


we have, from (3.6), 
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5.12 
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Rearranging gives 
Vee — Veco BV ge — Vexo) 


1co=R, B+l ~ Ret (B+ Re a 
eB eS Re 
B B 
and, from (5./0), 
Bp dcg (Rg t+ Re\V gp — Vee0) (2) 


3p [Re + (B+ Rel 
(b) Note in (2) that a Sp =0. Now if 6 > oo in (/), then I¢g © (Veg — Vego)/Re = constant. 


Temperature variations can shift the quiescent point by affecting leakage current and base-to- 
emitter voltage. In the circuit of Fig. 5-1, Vgg=6V, Rg = S0kKQ, Re = 1kQ, Re = 3kQ, 
B=75,Vcc=15V, and the transistor is a Si device. Initially, J¢g9 =0.5uA and 
Vero = 9.7V, but the temperature of the device increases by 20°C. (a) Find the exact change 
in cg. (b) Predict the new value of /¢g using stability-factor analysis. 


(a) Let the subscript 1 denote quantities at the original temperature 7;, and 2 denote quantities at 
T; + 20°C = T). By (5.7), 


Vee —Veco1tIcroi(Re+Re) 6 —0.7+(0.5 x 10~°)(51 x 10°) 


Ico. = | . = 3.1953mA 
Rp/Bt+ Re 50 x 10°/75 +1 x 10 
Now, according to Section 5.2, 
Texor = Ico 201!" = 0.5 x 1076279/ = 2 A 
AV peg = —2 x 107° AT = (—2 x 1074)(20) = —0.04-V 
SO V pro2 => Vpe01 t AV Bo =0,7 0.04 = 0.66 V 
Again by (5.7), 
Ven —V Tcpo(Re+ Re) 6 —0.66+(2 x 10~°\(51 x 10° 
p= BB — Veco t+ Icgox(Rat+ Re) 6-0 ani Ces 0’) x O) _ 39652mA 
Re/B+ Re 50 x 10°/75 +1 x 10 
Thus, Alco = Icq2 Ica = 3.2652 — 3.1953 = 0.0699 mA 


(b) By (5.16) and (5.17), 
Rgt Re 50+1 
'R,/B+Re 50/7541 — 
eee ee —75 _ 
"Rg +BRz 50x 10° +(75)(1 x 103) 
Then, according to (5./3), 


30.6 


0.6 x 1073 


Alco © S; Alco + Sv AV gq = (30.6)(1.5 x 10~°) + (—0.6 x 10-*)(—0.04) = 0.0699 mA 


and Teor = Ico + Alco = 3.1953 + 0.0699 = 3.2652 mA 


In Problem 5.11, assume that the given values of I¢go and Vggg are valid at 25°C (that is, that 
T,; =25°C). (a) Use stability-factor analysis to find an expression for the change in collector 
current resulting from a change to any temperature T,. (5) Use that expression to find Alcg 
when Ty = 125°C. (c) What percentage of the change in /¢g is attributable to a change in 
leakage current? 


(a) Recalling that leakage current Jc¢gg doubles for each 10°C rise in temperature, we have 


T)—25)/10 
Alcso = Icsolr, — Icsolr, = Icpolysec(2” = 1) 
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Since Vgzg for a Si device decreases by 2mV/°C, we have 
AV grq = —9.002(T — 25) 
Now, substituting S; and S; as determined in Problem 5.11 into (5./3), we obtain 
Alco = S;AlIcgo + Sy AV x09 


_ B(Rg + Re) 
Rg t+ BRE 


p 
0.002)(T, — 25 
AR; (0.00272 — 25) 


(T>—25)/10 
Iegol5°c(2 _ 1) * 


(b) At T, = 125°C, with the values of Problem 5.11, this expression for Al¢g gives 


Alco = (30.6)(0.5 x 10~%)(205-75/1 _ 1) + (0.0006)(0.002)(125 — 25) 
= 15.65mA +0.12mA = 15.77mA 


(c) From part 5, the percentage of Alc¢g due to I¢go is (15.65/15.77)(100) = 99.24 percent. 


5.13. In the constant-base-current-bias circuit arrangement of Fig. 5-7, the leakage current is explicitly 
modeled as a current source Jcgo. (a) Find I¢g as a function of Ico, Vgzg, and B. (b) Deter- 
mine the stability factors that should be used in (5./3) to express the influence of Ic¢go, Vggq, and 


B on Ico. 
(a) By KVL, 
Voc = Igo Rp + LegRe (1) 
Substitution of (5.5) and (5.6) into (/) and rearrangement give 


— Vcc — Varo + Iceo(Rp + Re) 
- Ry/B+ Re 


(2) 


(b) Based on the symmetry between (2) and (5.7) we have, from Example 5.6, 


_ Rot Re = 5B Sa RiVcc — Vero + Iczo(Rp + Re)I 
'Rs/B+ Re Ry + BRE (Ry + BReY 
Fig. 5-7 Fig. 5-8 


5.14 In the shunt-feedback bias arrangement of Fig. 5-8, the leakage current is explicitly shown as a 
current source Ic¢go. (a) Find J¢g as a function of Ic¢go, Vgrzg, and B. (b) Determine the 
stability factors that should be used in (5.13) to express the influence of Icgo, Vgrg, and on Icg. 
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(a) By KVL, 


Veo = IcoRc + Ipo( Rc + Rr) + Veco + Teo Re (1) 
Substituting (5.5) and (5.6) into (/), rearranging, and then assuming 6 > 1, we obtain 
Vcc — Vaso + Icpo(Rc + Re + Re) Veo — Vero + Icpo( Rc + Re + Re) 


Ico © x 2 
ve Bel Rr Re/B+ Rot Re Y 
—— Reo +—= + Re 
B B 
(b) Based on the symmetry between (2) and (5.7) we have, from Example 5.6, 
5 Ro+Re+ Re —B 
Re/B+Ro+ Re! Re + B(Ro + Re) 


RrlVcc — Vero + Icpo(Rc + Re + Re)I 
[Rr + (Re + Re) 


Sp = 


In the CB amplifier of Fig. 5-9, the transistor leakage current is shown explicitly as a current 
source Ic¢go. (a) Find I¢g as a function of I¢go, Veo, and B. (b) Determine the stability 
factors that should be used in (5./3) to express the influence of Jcg0, Vggq, and B on Icg. 


Fig. 5-9 


(a) By KVL, 
Ver = Veco + LeoRE (1) 
Substituting (5.5) into (7) and rearranging yield 


1 _ B+1 Ver — Vero 
=p Rr 


+ Icgo (2) 


(6) Direct application of (5./0) through (5.12) to (2) gives the desired stability factors as 


dco 1 Vege —Veeo s,= cg _ 1 Ss, = cg _ _ B+ 1 


S = = 
pap Bo Re ' cro "Vergo BRE 


The CB amplifier of Fig. 5-9 has Vec = 15 V, Veg = SV, Re = 3kQ, Ro = 7kQ, and B= 50. At 
a temperature of 25°C, the Si transistor has Vggg = 0.7V and Icgo =0.5uA. (a) Find an 
expression for Jcg at any temperature. (5) Evaluate that expression at T = 125°C. 


(a) Let the subscript 1 denote quantities at T; = 25°C, and 2 denote them at any other temperature 7). 
Then, according to Section 5.2, 


Tegon = 2! Tego 
Veco2 = Veco + AV eco = Vexoi — 9.002(Ts — 25) 
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Hence, by (2) of Problem 5.15, 


B+1 Veg — Veeoi + 0.002(T — 25) 4 9(T225)/10 7 
BOI 


Teg5 = 1 
co2 B Rp (/) 


(b) At T, = 125°C, (/) gives us 


51 5 —0.7 + (0.002)(125 — 25) 


Icoo = 2025-25)/1 9 5 x 197%) = 1.53 + 0.512 = 2.042mA 
co = 59 3x 103 =A ae te “ee 


5.17 For the Darlington-pair emitter-follower of Fig. 5-10, find J¢g; as a function of the six tempera- 
ture-sensitive variables I¢go1.Icso2, Vezo1, Vezo2, 1, and po. 


Rr + Vee 


Fig. 5-10 

By KVL, 
Voc =Ipoi Rr + Veco + Veco2 + Leq2Re (1) 
By KCL, Tron = legs + Logo (2) 


Using the result of Problem 3.36 in (2) and then substituting /g97 = zg, we obtain 


Trq2 = Tro1 + BoTpo2 + (Bo + V)Icpo2 = (B2 + DTeo1 + (B2 + DI czo2 
Assuming f;, 8: >> | and substituting for Jzg, according to (5.5), we obtain 
Trq2 © (By + VIco1 + (B2 + YU cs02 — Ici) (3) 


Also, from (5.6), 
i, 
Iga © he — Icgzoi (4) 


Now we substitute (3) and (4) into (/) and rearrange to get 


I Veco — Veroi — Veror + Icroi(Re + B2Re) — Icxo2b2Re 
al Rr/B, + BoRe 


(5) 
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5.18 (a) Determine a first-order approximation for the change in Jcg, in the circuit of Fig. 5-10, in 
terms of the six variables I¢go1,/cgo2, Vero1, Vezo2, Bi, and fo. (b) Use Icg, as found in 
Problem 5.17 to evaluate the sensitivity factors (that is, the coefficients) in the expression deter- 


mined in part a. 


(a) Since Tco1 =fUcsoi 5 TcBo2, Vero Vero?» By, Bo), its total differential is given by 


ne 
dco1 = In, (C801 +>—— dego2 + = dV gc01 
dlc ol, al. 
leo Patiad col gg 4 cor ap 
OV E02 Opi op 


Using the method of Section 5.3, we may write this as 
Alco: © Sn Alcgo1 + Sr. Alcgo2 + Svi AV gco1 + Sv2 AV gr02 + Spi AB1 + Spo ABo 


(b) The sensitivity factors in (/) may be evaluated with the use of (5) of Problem 5.17: 


eee dIco1 _ Rrt+ BoRe 
Wepo. Re/Bi + BoRe 
oe Aco: ___——haRe 
Wepor Rer/Bi + BoRe 
cor -1 en 
i= ay ~ Rr/Bi t+ BoRe |? a 
BEQ| F/B, + BRE BEQ2 
Se Aco: — RelVcc — Veeoi — Veeo2 + Icpoi(Re + B2Re) — Icgo2b2Re] 
0B (Rp + BiPoRey 
aes Aco _ Bi Re[ReUcso1 — Iczor) — Bi Vcc — Vero: — Vexq2 + Icz01 Re) 
eps (Re + BiB2Re) 


5.19 It is possible that variations in passive components will have an effect on transistor bias. 


WY) 


(2) 


In the 


circuit of Fig. 3-8(a), let R; = Rc = 500Q, Ro = 5kQ, Re = 100 + 10Q, B= 75, Tego = 0.2 WA, 
Vcc =20V. (a) Find an expression for the change in J¢g due to a change in R, alone. 
(b) Predict the change that will occur in I¢g as Rg changes from the minimum to the maximum 


allowable value. 


(a) We seek a stability factor 
Sre => such that Alco © Spe ARE 


Starting with J¢g as given by (5.7), we find 


Ico B(Ra+ BRE) cg0 — BV ea — Vero + Iceo(Re + Re)] 
ORe (Rp + BRe) 

_ BRelcso — B Vee — Vero + IcpoRs) 

(Rp + BReyY 


Sre = 
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(b) We first need to evaluate Spaz at Ry = 100-10 = 902: 
Rp = Ri || Ro = 454.52 
— RR _ 500 
Vee R, +R Voc = 3599 
75(454.5)(0.2 x 107°) — (75)°[1.818 — 0.7 + (0.2 x 107°)(454.5)] 
~ (454.5 +75 x 90) 


20 = 1.818 V 


and Sre 


=—-1.212x 10°4A/Q 
Then Alco = Sag ARg = (-1.212 x 107*)(110 — 90) = —2.424mA 


5.20 The circuit of Fig. 5-11 includes nonlinear diode compensation for variations in Vgzo. 
(a) Neglecting /cgo, find an expression for /cg that is a function of the temperature-sensitive 
variables 6B, Vgz9,and Vp. (b) Show that if Vgzg and Vp are equal, then the sensitivity of I¢g to 
changes in Vo is zero. (c) Show that it is not necessary that Vgzg = Vp, but only (and less 
restrictively) that dVggq/dT = dVp/dT, to ensure the insensitivity of cg to temperature T. 


Fig. 5-11 


(a) The usual Thévenin equivalent can be used to replace the R,-R, voltage divider. Then, by KVL, 
Vee = Relpo + Veco + legRe — Vo (1) 
Substitution of gg = Icg/f and Igg = Ico(B + 1)/B into (/) and rearranging yield 


AV ga - (Veco — Vp)| 
CO Rg t+ (B+ DRE 


(2) 


(b) From (2) it is apparent that if Vp = Vggo, then Ipg is independent of variations in Vgz9. 
(c) If B is independent of temperature, differentiation of (2) with respect to T results in 


dco B dVy dV gz0 
dT Rg +(B+ Re \ dT dT 


Hence, if dVp/dT = dV gr9/dT, Icg is insensitive to temperature. 


5.21. For the diode compensated circuit of Fig. 5-11, Vee = 15 V, Veg = 4V, Ry = 100 Q, Ry = 20kQ, 
Re = 15Q, Rg = 200 Q, and Rp = 2kQ. Use SPICE methods to show that the collector current 
Icg is reasonably insensitive to change in operating point temperature. Assume that the tran- 
sistor is the device of Example 5.9 and that the diode is adequately described by the SPICE 
default model. 
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Netlist code for the circuit is shown below: 


Prb5_21.CIR 
vec 20 15V 
VEE O07 4V 
vic340v 
Rl 101000hm 
R2 2120kohm 
RC 23 15kohm 
5 6 2000hm 
67 2kohm 
O 6 DMOD 
Q4 15 QNPNG 
. MODEL DMOD D() 
. MODEL QNPNG NPN (Is=10fA Ikf=150mA Isc=10fA Bf=150 
+ Br=3 Rb=lohm Rc=lohm Va=75V Cjc=10pF Cje=15pF) 
-DC TEMP 251255 
- PROBE 
. END 


After executing (Prb5_21.CIR), the plots of Fig. 5-12 can be generated showing that over the temperature 
range of 25 to 125°C, the quiescent collector current J-g changes by only 7.1 percent. Over the same 
temperature range, Vggg changes by 42.2 percent. To fully appreciate the temperature stabilization 
attained, one can edit the netlist code to replace the diode D by a 400Q resistor. This change results in 
approximately the same quiescent point for normal operating temperature but will show that Jcg increases 
by more than 130 percent over the temperature range of 0 to 125°C. 


(0.64 V). 


1 1 
‘ . ‘(527 uA) | 
| (492 BA). 
eee 
1 x - 1 
IcgQ 1 
. * 1 
SEL>> | ! 
400 vA+--------- poreteeeee poscercne- | 
fe) 50 100 150 

a Ic(Q) 

TEMP 
Fig. 5-12 


The circuit of Fig. 5-13 includes nonlinear diode compensation for variations in Icgo. (a) Find 
an expression for Jcg as a function of the temperature-sensitive variables V gro, B, Icgo, and Vp. 
(b) What conditions will render /c¢g insensitive to changes in I¢gg? 


(a) By KVL, 


Vp = Uso + 1p) Ra + Veco + leoRe 
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Substitution for Izg and Jgg via (5.5) and (5.6) and rearranging give 


Vee — Veco t+Iceo(Ret Re) — IpRe 
Rp/Bt+ Re 


Icg = (1) 


(b) According to (/), if Rg > Re and Ip = Icgo, then I¢g is, in essence, independent of Jcgo. 


5.23. Show that if a second identical diode is placed in series with the diode of Example 5.8 (see Fig. 
5-2), and if Rp is made equal in value to Rg, then the collector current [cg © Igg) displays zero 
sensitivity to temperature changes that affect Vggg. Make the reasonable assumption that 
OV p/0T = OV gg /0T. 


The equation we found for J¢g in Example 5.8 describes cg in this problem if Vp is replaced by 2Vp; 


that gives 
Ico © (VegRp + 2VpRz)/(Rp + Ra) — Veco (1) 
(2Rp||Rg)/B+ Re 
Assuming that only Vgzq and Vp are temperature dependent, we have 
2Rg Vp AV ex0 
cg  Rp+Rz OT aT Q) 


dT —— (2Rp||Rg)/B+ Re 


With dVp/dT = OVgeq/8T and Rg = Rp, (2) reduces to zero, indicating that J¢g is not a function of 
temperature. 


5.24 A JFET for which (4.2) holds is biased by the voltage-divider arrangement of Fig. 4-5. (a) Find 
Ipg as a function of Ipss,Vp9, and Vgg. (b) Find the total differential of Jpg, and make 
reasonable linearity assumptions that allow you to replace differentials with increments so as 
to find an expression analogous to (5./3) for the JFET. 


(a) We use (4.4) to find an expression for Vgsg and then use (4.2) to obtain 


Veg —InoRs\* 
TIpo = tnss( V 2 (1) 
po 
which we can solve for Ipo: 
ee Veet Voo , V0 V0 /( fw) 4 Vea + Vo) Rs (2) 
r T 
re Rs 2Rilpss  2R% V Upss Ipss 


(b) Since Vgsq depends upon the bias network chosen, our result will have more general application if we 
take the differential of (4.2) and then specialize it to the case at hand, instead of taking the differential of 
(2). Assuming that Ipss, Vo, and Vgsg are the independent variables, we have, for the total differ- 
ential of (4.2), 


dIpo = we dIpss 4 re dV yo 4 Wosp dV eso (3) 
For the case at hand, V¢sg is given by (4.4), from which 
dV eso = —Rsdlpo (4) 
Substituting (4) into (3) and rearranging, we find 
Ipo/ pss pg /BV yo 


dIpo = : 5 
PO 14+ Rsp9/WVeso PS" 14+Rslpo/MVeso (5) 


156 TRANSISTOR BIAS CONSIDERATIONS [CHAP. 5 


The assumption of linearity allows us to replace the differentials in (5) with increments and define 
appropriate stability factors: 


Alpg © S; Alnss + Sy AV po (6) 

5, =_—dbeoliloss — _ (1+ Veso/ Vo) wn 
1+ RsIpg/AVGsq 1+ 2RsIpss/V 0) + Veso/V po) 

Sy Ipg/Apss _ —2Ipss1 + Veso/V po) Veso/ Vio) (8) 


1+ RsAp9/VGesq 1+ (2RsIpss/V)C + Veso/V po) 


5.25 The JFET of Fig. 4-5(d) is said to have fixed bias if Rs; =0. The worst-case shorted-gate 
parameters are given by the manufacturer of the device as 


Value Ipss, mA 


maximum 


minimum 


Let Vpn = 15V, Veg = -1V, and Rp = 2.5kQ. (a) Find the range of values of [pg that could 
be expected in using this FET. (4) Find the corresponding range of Vpsg. (c) Comment on the 
desirability of this bias arrangement. 


(a) The maximum and minimum transfer characteristics are plotted in Fig. 5-14, based on (4.2). Because 
Veso = Veg = —1V is a fixed quantity unaffected by Jpg and Vpso, the transfer bias line extends 
vertically at Vgs =—1, as shown. Its intersections with the two transfer characteristics give 
Tpomax © 5.5mA and Ipgmin © 1.3mA. 


ip, mA 


Transfer bias line 
Problem 5.25 


Transfer bias line 
Problem 5.48 


UGs, V 


-6 = -4 =3 -2 =! 0 1 2 


Fig. 5-14 
(b) For Ipg = Ipomax, KVL requires that 
V oso max = Vop ~ IpomaxRp = 15- (5.5)(2.5) = 1.25V 


And, for Jpg min» 
V psomin = Vop ~ IpominRp =15- (1.3)(2.5) =11.75V 


CHAP. 5] TRANSISTOR BIAS CONSIDERATIONS 157 


5.26 


5.27 


(c) The spread in FET parameters (and thus in transfer characteristics) makes the fixed-bias technique an 
undesirable one: The value of the Q-point drain current can vary from near the ohmic region to near the 
cutoff region. 


The self-biased JFET of Fig. 4-19 has a set of worst-case shorted-gate parameters that yield the 
plots of Fig. 5-15. Let Vpp = 24V, Rp = 3kQ, Ry = 1kQ, and Rg = 10MQ. (a) Find the 
range of Ipg that can be expected. (b) Find the range of Vpsg that can be expected. (c) Discuss 
the idea of reducing /pg variation by increasing the value of Rs. 


(a) Since Vgg = 0, the transfer bias line must pass through the origin of the transfer characteristics plot, 
and its slope is —1/Rg (solid line in Fig. 5-15). From the intersections of the transfer bias line and the 
transfer characteristics, we see that Ipgmax ¥ 2.5mA and Ipgmin © 1.2mA. 


ip, mA 


UGs, V 


(b) For Ipg = Ipomax» KVL requires that 
Vosomax = Von — Ing max(Rs + Rp) = 24 — (2.5). + 3) = 14V 


And, for Tpo min» 
Vosomin = Von — Ipomin(Rs + Rp) = 24 — (1.2)(1 + 3) = 19.2V 


(c) The transfer bias lines for Ry = 2kQ and 3kQ are also plotted on Fig. 5-15 (dashed lines). An increase 
in Rs obviously does decrease the difference between Ipg max aNd Ipg min; however, in the process [pg is 
reduced to quite low values, so that operation is on the nonlinear portion of the drain characteristics 
near the ohmic region where appreciable signal distortion results. But if self-bias with an external 
source is utilized (see Problems 5.27 and 5.48), the transfer bias line can be given a small negative slope 
without forcing [pg to approach zero. 


In the JFET circuit of Fig. 4-5(a), using self-bias with an external source, Vpp = 24V and 
Rs =3kQ. The JFET is characterized by worst-case shorted-gate parameters that result in 
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the transfer characteristics of Fig. 5-16. (a) Find the range of Ipg that can be expected if 
R, =1MQ and R, =3MQ.  (b) Find the range of Ipg that can be expected if Rj = 1MQ 
and R; = 7MQ. (c) Discuss the significance of the results of parts a and b. 


(a) 


(6) 


(c) 


ip, mA 


UGs, V 


By (4.3), 


1 
Vop = 24=6V 
DD=TH3 


V a 
GG RR 
In this case the transfer bias line, shown on Fig. 5-16, has abscissa intercept vgs = Vgg = 6 V and slope 


—1/Rs. The range of Jpg is determined by the intersections of the transfer bias line and the transfer 
characteristics: Ipg max © 2.8mA and Ipgmin © 2.2mA. 


Again by (4.3), 
1 
Vog == 24 =3V 
aan Feo 


The transfer bias line for this case is also drawn on Fig. 5-16; it has abscissa intercept vgs = Vgg =3V 
and slope —1/Rs. Here Ipgmax © 1.9mA and Ipomin © 1.3mA. 


We changed Vg by altering the R,-R, voltage divider. This allowed us to maintain a small negative 
slope on the transfer bias line (and, thus, a small difference Ipg9 max — Jpg min) While shifting the range of 


Ipg- 


The MOSFET of Fig. 4-18 is an enhancement-mode device with worst-case shorted-gate para- 
meters as follows: 


Value 


maximum 


minimum 
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These parameter values lead to the transfer characteristics of Fig. 5-17 because the device may be 
assumed to obey (4.6). Let Vpp = 24V, Ry = 2MQ, R, = 2MQ, Rp = 1kQ, and Rs = 2kQ. 
(a) Find the range of Jpg that can be expected. (4) Find the range of Vpso to be expected. 
(c) Discuss a technique, suggested by parts a and 4, for minimizing the range of [pg for this 
model of MOSFET. 


ip, mA 


Transfer bias line 


UGs, V 


(a) By (4.3), 


R 


Vog = Vop = 24=12V 

CGR +R, PP 242 
The transfer bias line, with abscissa intercept vgs = Vgg = 12 V and slope —1/Rs, is drawn on Fig. 
5-17. From the intersections of the transfer bias line with the transfer characteristics, we see that 
Ipomax * 4mA and Ipgmin © 2.8mA. 


(b) Vosomax = Von — Ina max(Rs + Rp) = 24 - (424+ 1) = 2V 
Vosomin = Von — Ipomin(Rs + Rp) = 24 — (2.8)(2 + 1) = 15.6V 


(c) As in the case of the JFET, the range of Ipg can be decreased by increasing Rs. However, to avoid 
undesirably small values for Jpg, it is also necessary to increase Vgg by altering the R,-R voltage- 
divider ratio. 


Supplementary Problems 


In the constant-base-current-biased amplifier of Fig. 3-13, Vee = 15 V, Re = 2.5kQ, Re = 5002, and 
Rg =S500kQ. Icgo © 0 for the Si device. Find J¢g and Vcgg if (a) B= 100 and (b) B= 50. 
Ans. (a) 2.6mA, 7.19V; (6) 1.36mA, 11.09V 


Under what condition will the bias current J¢g of the amplifier in Fig. 3-14 be practically independent of f? 
Is this condition practical? 

Ans. Rg/B < Rg. Itis not practical, as a value of Rg large enough to properly limit [gg leads, through the 
condition, to a value of Rz so large that it forces cutoff. 
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The amplifier of Fig. 5-13 uses a Si transistor for which I¢gg9 ¥0. Let Veco = 15V, Re = 2.5kQ, 
Re = 500Q, and Rg = 500k. (a) Find the value of the 6 sensitivity factor Sg = d/c¢g/dB for B = 50. 
(b) Use Sp to predict I¢g when fp = 100. 

Ans. (a) (Rg t+ Re\Voc — Vero)/[Re + (B+ Rel; (b) 2.65mA (compare with the result of Problem 
5.29) 


(a) Solve Problem 3.28(a) if 6 = 75 and all else is unchanged. (b) Use the £ sensitivity factor found in 
Problem 5.10 to predict the change in J¢g when f changes from 110 to 75. 
Ans. (a) Icg =4.77mA; (b) Sg = 3.643 x 10-°, Alco = —0.127mA 


In the shunt-feedback-biased amplifier of Fig. 3-17, Veo = 15 V, Re = 2kQ, Re = 150kQ, Icgq © 0, and 
the transistor is a Si device. (a) Find an expression for the f sensitivity factor Sg. (b) Use Sg to predict the 
change in quiescent collector current due to a change in 6 from 50 to 100. 

Ans. (a) Sg=(Re+Re\Vec — Vero) /[Rr+(B+ DRcP; (6) Sg = 3.432 x 107, Aleg = 1.71mA 
(compare with Example 5.4) 


In the CB amplifier of Fig. 3-23, Veco = 15 V, Veg = SV, Re = 3kQ, Re = 7kQ, and B= 50. (a) Find an 
expression for the 6 sensitivity factor Sg. (6) Evaluate Sg assuming the transistor is a Si device. 

Ans. (a) Sp = (Ver — Veco) /(B+ 1?Re: (b) Sz = 5.51 x 10-’ (very low sensitivity, but see Problem 
5.8) 


The circuit of Fig. 5-1 has the values given in Problem 5.11; assume that the initial values of Jc¢go and Vgxo9 
are for 25°C. (a) Find an expression for the value of J¢g at any temperature T, > 25°C if the transistor is a 
Si device. (6) Evaluate the expression for Ic¢g at T, = 125°C. 


Vg — 0.7 + 0.002(T) — 25) + (0.5 x 10-°)(Rg + Re )2P79/10- 


Ans. (a) Icg = ; 
aa (Re/B+ Re) 
(6) Ico = 18.97mA 
The constant-base-current-biased amplifier of Fig. 5-7 contains a Si transistor. Let Veco = 15V, 


Re = 2.5kQ, Re = 500Q, Ry = 500kKQ, and 6 = 100. At 25°C, Icgo =0.5uA and Veggq = 0.7V. 
(a) Find the exact change in Jc¢g if the temperature changes to 100°C. (4) Use the stability factors 
developed in Problem 5.13 to predict AJ¢g for a temperature increase to 100°C. 


In the constant-base-current-biased amplifier of Fig. 5-7, the Si transistor is characterized by I¢g9 = 0.5 uA 
and Vgrq = 0.7 V at 25°C. (a) Find an expression for Jc¢g at any temperature T, > 25°C. (b) Evaluate Ic¢g 
at 100°C if Vee = IS V, Re = 2.5kQ, Re = 500 Q, R, = 500kQ, and 6 = 100. 


Voc — 0.7 + 0.002(T2 — 25) + (0.5 x 107°)(Ry + Re)272-79/10 


Ans. Ico = 
me MO AC Ry/B+ Re 


(b) Ico = 10.864 mA 


In the current-feedback-biased amplifier of Fig. 5-8, Ve¢ = 15 V, Re = 1.5kQ, Re = 150kQ, Re = 500Q, 
and B = 100. Icgo = 0.2 wA and Vg¢9 = 0.7 V at 25°C for this Si transistor. (a) Find the exact change in 
Ico when the temperature changes to 125°C. (b) Use the stability factors developed in Problem 5.14 to 
predict AJcg when the temperature is 125°C. Ans. (a) AIcg = 8.943mA; (6) Alcg = 8.943mA 


The shunt-feedback-biased amplifier of Fig. 5-8 uses a Si transistor for which J¢g9 = 0.2 uA and 
Vero =9.7V at 25°C. (a) Find an expression for J¢g at any temperature T, > 25°C. (6) Evaluate I¢g 
at T, = 125°C if Veo = IS V, Re = 1.5kQ, Re = 150kQ, Re = 500Q, and 6 = 100. 


Vc — 0.7 + 0.002(T, — 25) + (0.2 x 10°)(Re + Rp + Rg)Z 70 
Re/B+ Ro + Re : 


Ans. (a) Ico = 


(b) Ico = 13.037mA 
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5.40 


5.41 


5.42 


5.43 


5.44 


5.45 


5.46 


5.47 


In the CB amplifier of Fig. 5-9, Veco = 15 V, Veg = SV, Re = 3kQ, Ro = 7kQ, and B= 50. For the Si 
transistor, I¢go = 0.5 uA and Vgg9q = 0.7 V at 25°C. (a) Find the exact change in J-g when the tempera- 
ture changes to 125°C. (b) Use the stability factors developed in Problem 5.15 to predict AJ¢g for the same 
temperature change. Ans. (a) Alco = 2.042 — 1.4625 =0.5795mA; (6) Alcg = 0.5769mA 


Sensitivity analysis can be extended to handle uncertainties in power-supply voltage. In the circuit of 
Fig. 3-8(a), let Rj = Re = 500Q, Ry =SkQ, Re = 1002, B=75, Vegq =9.7V, Icxo = 0.2 wA, and 
Vcc =2042V. (a) Find an expression for the change in J¢g due to changes in Vcc alone. (6) Predict 
the change in Jc¢g as Vcc changes from its minimum to its maximum value. 

Ans. (a) Alcg = Svcc AV cc, where Sycc = [BRi/(Ri + Ro)I/[Reg + (B+ DRze]; (0) Alco = 3.428mA 


In the circuit of Fig. 5-11, Ry = Rc = 500Q, Ry = 5kQ, Re = 100Q, B=75, and Vec = 20V. Leakage 
current is negligible. At 25°C, Vggg = 0.7 V and Vp = 0.65 V; however, both change at a rate of -2mV/°C. 
(a) Find the exact change in J¢g due to an increase in temperature to 125°C. (b) Use sensitivity-analysis to 
predict the change in Jc¢g when the temperature increases to 125°C. 

Ans. (a) Alco = 0; (b) Alcg =0 


In Problem 5.24, it was assumed that Vgg, and hence Vpp, was constant. Suppose now that the power- 
supply voltage does vary, and find an expression for A/pg using stability factors. 
Ans. Alpo y S; Alpss + Sy A V no + SyVGG A Vo where 


Boece Ipg/2V Eso = (2Ipss/V pC + Veso/V po) 
"GG 1+ Rs WApn9/Vesq 1+ 2Rslpss/Voo)A + Veso/V po) 


and S; and S; are given by (7) and (8) of Problem 5.24. 


The MOSFET of Fig. 4-18 is characterized by Vp = 4V and Ip(on) = 1OmMA. The device obeys (4.6). Let 
ig © 0, R} = 0.4MQ, Ry = 5kQ, Rs = 0, Rp =2kQ, and Vpp = 20V. (a) Find the exact change in Ipg 
when the MOSFET is replaced with a new device characterized by Vp = 3.8 V and Ipion) =9MA. (5) Find 
the change in pg predicted by sensitivity analysis when the original device is replaced as in part a. 

Ans. (a) Alpg = 2.836 — 3.402 = —0.566mA; (6) AIpg = —0.548mA 


The circuit of Fig. 4-18 uses MOSFETs characterized by the device model of Example 4.6 except that V7 can 
vary +10 percent from the nominal value of 4V among different batches of MOSFETs. Use SPICE 
methods to determine the maximum change of Jpg from the nominal value that can be expected. (Netlist 
code available at author website.) Ans. AIpg = 0.689mA for Vr = 3.6V 


In the JFET amplifier of Fig. 4-5, Vpp = 20V, Ry = 1MQ, Ry = 15.7MQ, Rp = 3kQ, Rs = 2kQ, and 
ig ~0. The JFET obeys (4.2) and is characterized by [pss = 5mA and V,y =5V. Due to aging, the 
resistance of R, increases by 20 percent. (a) Find the exact change in Jpg due to the increase in resistance. 
(b) Predict the change in [pg due to the increase in resistance, using sensitivity analysis. 

Ans. (a) AIpg = 1.735 — 1.658 =0.077mA; (6) Alpg = Sygg AVGg = 9.0776 mA 


For a FET, the temperature dependence of Vgsg is very small when Jpg is held constant. Moreover, for 
constant Vpso, the temperature dependency of V¢so is primarily due to changes in the shorted-gate current; 
those changes are given by 


Inss = Insso(k AT + 1.1) (/) 


where Ipss¢ = value of Ipssy at 0°C 
AT = change in temperature from 0°C 


k = constant (typically 0.003°C~!) 


162 


5.48 


TRANSISTOR BIAS CONSIDERATIONS [CHAP. 5 


For the JFET of Fig. 45; Vpp =20V, R; = 1MQ, Ry = 15.7MQ, Rp = 3kQ, Rs = 2kQ, ig © 0, 
Ipsso = 5mA, and V,) =5V (and is temperature-independent). (a) Find the exact value of Ipg at 
100°C. (6) Use sensitivity analysis to predict Ipg at 100°C. 

Ans. (a) Ing = 1.82mA; (6) Ipg = 1.84mA 


Solve parts a and b of Problem 5.25 if Ry = 2kQ, Veg = 1 V, and all else remains unchanged. 
Ans. (a) The transfer bias line is drawn on Fig. 5-14: Ipgmax ¥ 2MA, Ipomin © 1.1mMA; (6) Vpsomax © 
6V,Vpsomin © 10.05 V 


CHAPTER 6 


Small-Signal 
Midfrequency BJT 
Amplifiers 


6.1. INTRODUCTION 


For sufficiently small emitter-collector voltage and current excursions about the quiescent point 
(small signals), the BJT is considered linear; it may then be replaced with any of several two-port 
networks of impedances and controlled sources (called small-signal equivalent-circuit models), to which 
standard network analysis methods are applicable. Moreover, there is a range of signal frequencies 
which are large enough so that coupling or bypass capacitors (see Section 3.7) can be considered short 
circuits, yet low enough so that inherent capacitive reactances associated with BJTs can be considered 
open circuits. In this chapter, all BJT voltage and current signals are assumed to be in this midfrequency 
range. 

In practice, the design of small-signal amplifiers is divided into two parts: (1) setting the dc bias or Q 
point (Chapters 3 and 5), and (2) determining voltage- or current-gain ratios and impedance values at 
signal frequencies. 


6.2. HYBRID-PARAMETER MODELS 


General hybrid-parameter analysis of two-port networks was introduced in Section 1.7. Actually, 
different sets of # parameters are defined, depending on which element of the transistor (E, B, or C) 
shares a common point with the amplifier input and output terminals. 


Common-Emitter Transistor Connection 


From Fig. 3-3(b) and (c), we see that if i¢ and ugg are taken as dependent variables in the CE 
transistor configuration, then 


Use = Siz, Uce) (6.1) 
ic = frliz, Vce) (6.2) 
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If the total emitter-to-base voltage vge goes through only small excursions (ac signals) about the Q point, 
then Avge = v,., Aic =i, and so on. Therefore, after applying the chain rule to (6./) and (6.2), we 
have, respectively, 


dv dv 
Ube = Avge © dugg = Ze ptt Ze Vee (6.3) 
diz ta) OUCE fa) 
dic dic 
i, = Aig ® dic =—£| iy as ie (6.4) 
diz lo dvcE |o 


The four partial derivatives, evaluated at the Q point, that occur in (6.3) and (6.4) are called CE hybrid 
parameters and are denoted as follows: 


a A 
Input resistance hie = els ~ OUBE (6.5) 
diz QO Aipz O 
a A 
Reverse voltage ratio lye = bee DE (6.6) 
cello Avcelo 
di, Aic 
Forward current gain hy = ail x oe (6.7) 
. diz fe) Aiz QO 
dic dAi 
Output admittance Noe = ic ~ : (6.8) 
OUCE oO AUcE a) 


The equivalent circuit for (6.3) and (6.4) is shown in Fig. 6-1(a). The circuit is valid for use with 
signals whose excursion about the Q point is sufficiently small so that the / parameters may be treated as 
constants. 


hop (S) 


(b) CB small-signal equivalent circuit 


Fig. 6-1 


Common-Base Transistor Connection 


If veg and ic are taken as the dependent variables for the CB transistor characteristics of Fig. 3-2(b) 
and (c), then, as in the CE case, equations can be found specifically for small excursions about the Q 
point. The results are 

Veb = hipie Te hyp Vep (6.9) 
iy = hypie T NopVeb (6.10) 
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The partial-derivative definitions of the CB h-parameters are: 


a A 
Input resistance hip = ae ~ VEB (6.11) 
diz a) Aig fa) 
a A 
Reverse voltage ratio hp = HEE ne (6.12) 
dvCR fa) Avcg fa) 
di Aic 
Forward current gain hy = a eS (6.13) 
dielg Alzlo 
dic Aic 
Output admittance lop = el fee (6.14) 
dUCR fa) Avcg fa) 


A small-signal, h-parameter equivalent circuit satisfying (6.9) and (6./0) is shown in Fig. 6-1(b) 


Common-Collector Amplifier 


The common-collector (CC) or emitter-follower (EF) amplifier, with the universal bias circuitry of 
Fig. 6-2(a), can be modeled for small-signal ac analysis by replacing the CE-connected transistor with its 
h-parameter model, Fig. 6-1(a). Assuming, for simplicity, that h,. = h,. = 0, we obtain the equivalent 
circuit of Fig. 6-2(d). 


+Voco 


(a) (b) 


(c) 


Fig. 6-2 CC amplifier 


An even simpler model can be obtained by finding a Théevenin equivalent for the circuit to the right 
of a, a in Fig. 6-2(b). Application of KVL around the outer loop gives 


V = iphie t iRe t ipnlie t (hye t 1)i,Re (6.15) 


The Thévenin impedance is the driving-point impedance: 


Rip == = hie + (hye + Re (6.16) 


b 
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The Thévenin voltage is zero (computed with terminals a, a open); thus, the equivalent circuit consists 
only of Rz,. This is shown, in a base-current frame of reference, in Fig. 6-2(c). (See Problem 6.13 fora 
development of the CC h-parameter model.) 


6.3. TEE-EQUIVALENT CIRCUIT 


The tee-equivalent circuit or r-parameter model is a circuit realization based on the z parameters of 
Chapter 1. Applying the z-parameter definitions of (/./0) to (J./3) to the CB small-signal equivalent 
circuit of Fig. 6-1(5) leads to 


hyph 
Zi, = hip — we (6.17) 
hop 
hyp 
— wl 
iar (6.18) 
h 
2p =— lech (6.19) 
Nop 
: (6.20) 
Zy) = — : 
e Nop 
(See Problem 6.17.) Substitution of these z parameters into (/.8) and (/.9) yields 
hphp\. Ire 
Veb = @ Ron Te hop ( i.) (6.21) 
h 1 
fb. ; 
p= j 6.22 
Veb hes lo hop ( 1 ) ( ) 
If we now define 
lig 
h= (6.23) 
: Nop 
Nyp 
R= hip a Tos (1 + hyp) (6.24) 
1—h,yp 
— : 2 
I; We (6.25) 
hynth 
/ fb + rp 
peers! 2 
a ie (6.26) 
then (6.2/) and (6.22) can be written 
Veh = (r + Tple az Iple (6.27) 
and Vep = (QT. +Ip)ie — (Th FF dic (6.28) 


Typically, —0.9 > hg > —land0 <h» «1. Letting h,, © 0 in (6.26), comparing (6./3) with (3./) while 
neglecting thermally generated leakage currents, and assuming that h¢g = hg (which is a valid assump- 
tion except near the boundary of active-region operation) result in 


aly —hp =a (6.29) 


Then the tee-equivalent circuit or r-parameter model for CB operation is that shown in Fig. 6-3. (See 
Problems 6.3 and 6.5 for r-parameter models for the CE and CC configurations, respectively.) 
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6.4. CONVERSION OF PARAMETERS 


Transistor manufacturers typically specify hpg (* hy) and a set of input characteristics and collector 
characteristics for either CE or CB connection. Thus the necessity arises for conversion of / parameters 
among the CE, CB, and CC configurations or for calculation of r parameters from h parameters. 
Formulas can be developed to allow ready conversion from a known parameter set to a desired para- 
meter set. 


Example 6.1. Apply KVL and KCL to Fig. 6-1(a) to obtain v,, = gy(ie, v.,) and i. = go(ie, Vey). Compare these 
equations with (6.9) and (6./0) to find the CB / parameters in terms of the CE / parameters. Use the typically 
reasonable approximations h,, < 1 and hy + 1 > /jehg. to simplify the computations and results. 

KVL around the E£, B loop of Fig. 6-1(a) (with assumed current directions reversed) yields 


Vep = —Nioip — NyreVee (6.30) 
But KCL at node £ requires that 
iy = ip ic at ig hyeip NocVc5 
1 h 
te . oe ee 31 
or ip ip 4 ip ip +1 uv, (6.31) 
In addition, KVL requires that 
Uc0oe = Veh — Veb (6.32) 
Substituting (6.3/7) and (6.32) into (6.30) and rearranging give 
(1 = Dye (hye a3 1) = hichoe hie A hichge 
hp +1 Ven = el ip + hp +l Nye \Vch (6.33) 
Use of the given approximations reduces the coefficient of v,, in (6.33) to unity, so that 
Nie sy Niehge 
Veh ~ liye + 1 le + (; 7 1 Ines (6.34) 
Now KCL at node C of Fig. 6-1(a) (again with assumed current directions reversed) yields 
ig = hyip + NoeVec (6.35) 


Substituting (6.37), (6.32), and (6.34) into (6.35) and solving for i, give 


lye elt; hjh Ine + 1 
i= Nf ts Toelie : i, Noe Tieloe 5 Ve + Ve (6.36) 
hye + 1 (hye + 1° (Aye + 1) he +1 


Use of the given approximations then leads to 


he, 1 hoe, 
hp tl" hg tl 


(6.37) 


i, © 
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Comparing (6.34) with (6.9) and (6.37) with (6./0), we see that 


hie 
hn = (6.38) 
Nieloe 
hy = hyp + | Nye (6.39) 
igen 6.40) 
Ip = hp +1 (6. 
hig = (6.41) 


hye + | 


6.5. MEASURES OF AMPLIFIER GOODNESS 


Amplifiers are usually designed to emphasize one or more of the following interrelated performance 
characteristics, whose quantitative measures of goodness are defined in terms of the quantities of Fig. 6-4: 


1. Current amplification, measured by the current-gain ratio A; = i,/iin- 

2. Voltage amplification, measured by the voltage-gain ratio A, = v,/Vin. 

3. Power amplification, measured by the ratio A, = A,Aj = Voip /igiin. 

4. Phase shift of signals, measured by the phase angle of the frequency-domain ratio A,(j@) or 
A(jo). 

5. Impedance match or change, measured by the input impedance Z;,, (the driving-point impedance 
looking into the input port). 

6. Power transfer ability, measured by the output impedance Z, (the driving-point impedance 


looking into the output port with the load removed). If Z, = Z,, the maximum power transfer 
occurs. 


Amplifying 
circuit 


Zin Z, 


Fig. 6-4 


6.6. CE AMPLIFIER ANALYSIS 


A simplified (bias network omitted) CE amplifier is shown in Fig. 6-5(a), and the associated small- 
signal equivalent circuit in Fig. 6-5(d). 


Example 6.2. In the CE amplifier of Fig. 6-5(b), let h;, = 1kQ,h,,. = 107+, hy = 100, hoe = 12 wS, and Ry = 2kQ. 
(These are typical CE amplifier values.) Find expressions for the (a) current-gain ratio 4;, (b) voltage-gain ratio 
A,, (c) input impedance Z;,, and (d) output impedance Z,. (e) Evaluate this typical CE amplifier. 


uv 


(a) By current division at node C, 


1 /Noe 


= Wh, +R, 1») (6.42) 


iL 
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ir hee 100 
and A, = 
a i=3,I+h,~R, 1+(€2x 10-2 x 103) 


~97.7 (6.43) 


Note that A; * —h,, where the minus sign indicates a 180° phase shift between input and output currents. 
(b) By KVL around B, E mesh, 


Us = Vpe = Nielp + yee (6.44) 


Ohm’s law applied to the output network requires that 


(1 —hreR ip 
Vce = hyo 5 IR) =e Re (6.45) 


Solving (6.45) for i,, substituting the result into (6.44), and rearranging yield 
Us hpeRr 
Uce 7 hie oe Ri (Njeltoe _ hyelye) 


(100)(2 x 10°) 
1x 103 +(2 x 105)[(1 x 103)(12 x 10-%) — (100)(1 x 10-4)] 


= —199.2 (6.46) 


Observe that 4, * —hyR,/hje, where the minus sign indicates a 180° phase shift between input and output 
voltages. 


(c) Substituting (6.45) into (6.44) and rearranging yield 


gz at py, — lreltteRe gu 10~*)(100)(2 x 10°) 


i, ee 1+ (12 x 10-)(2 x 10) 


= 980.52 (6.47) 


Note that for typical CE amplifier values, Z;, © hie. 


(d) We deactivate (short) v, and replace R; with a driving-point source so that vg, = Uge. Then, for the input mesh, 
Ohm’s law requires that 


. Nie 
ib = — 7 Udp (6.48) 


However, at node C (with, now, i, = ig), KCL yields 
i. _ lap = hyip + NoeVap (6.49) 
Using (6.48) in (6.49) and rearranging then yield 


Vdp 1 1 
ip Moo —yehye/hie 12 x 10-6 — (100)(1 x 10-4)/(1 x 103) 


Z,= = 500kQ (6.50) 


The output impedance is increased by feedback due to the presence of the controlled source h,.Uo. 
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(ce) Based on the typical values of this example, the characteristics of the CE amplifier can be summarized as 
follows: 

Large current gain 

Large voltage gain 

Large power gain (4;A,,) 

Current and voltage phase shifts of 180° 

Moderate input impedance 

Moderate output impedance 


DO ew Ne 


6.7. CB AMPLIFIER ANALYSIS 


A simplified (bias network omitted) CB amplifier is shown in Fig. 6-6(a), and the associated small-signal 
equivalent circuit in Fig. 6-6(5). 


hypY ep 


(a) 


Fig. 6-6 CB amplifier 


Example 6.3. In the CB amplifier of Fig. 6-6(4), let hy, = 30 Q, hy = 4 x 10°, hy = —0.99, hoy = 8 x 1077S, and 
R;, =20kQ. (These are typical CB amplifier values.) Find expressions for the (a) current-gain ratio A,, 
(b) voltage-gain ratio A,, (c) input impedance Z;,, and (d) output impedance Z,. (e) Evaluate this typical 
CE amplifier. 


(a) By direct analogy with Fig. 6-5(b) and (6.43) 


l+hpRp  1+(8 x 1077)(20 x 103) 


A; = = 0.974 (6.51) 


Note that 4; * —hy < 1, and that the input and output currents are in phase because hy, < 0. 
(b) By direct analogy with Fig. 6-5(b) and (6.46), 


4 hp Rr (—0.99)(20 x 107) 
Nip + RLiploc —hphys) 30 + (20 x 103)[(30)(8 x 10-7) — (—0.99)(4 x 10~5)] 


= 647.9 (6.52) 


Observe that 4, ~ —hyR,/h», and the output and input voltages are in phase because hy, < 0. 


(c) By direct analogy with Fig. 6-5(b) and (6.47) 


IphpRe (4 x 107°)(—0.99)(20 x 10°) 
Zin = hip = = 30.082 6.53 
ne Th Ry 1+ (8 x 10-7)(20 x 10°) 6.23) 
It is apparent that Z;, © hj. 
(d) By analogy with Fig. 6-5(b) and (6.50), 
1 1 
1.07MQ (6.54) 


Zi = = 
° Tow —hppltyy/hiy 8 x 10-7 — (—0.99)(4 x 10-5) /30 


Note that Z, is decreased because of the feedback from the output mesh to the input mesh through h,,v,,. 
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(ec) Based on the typical values of this example, the characteristics of the CB amplifier can be summarized as 


follows: 

1. Current gain of less than 1 

2. High voltage gain 

3. Power gain approximately equal to voltage gain 
4. No phase shift for current or voltage 

5. Small input impedance 

6. Large output impedance 


6.8. CC AMPLIFIER ANALYSIS 


Figure 6-7(a) shows a CC amplifier with the bias network omitted. The small-signal equivalent 
circuit is drawn in Fig. 6-7(b). 


Fig. 6-7 CC amplifier 


Example 6.4. In the CC amplifier of Fig. 6-7(), let hj. = 1kQ,h,, = 1, hy = —101,h,, = 12 WS, and R, = 2kQ. 
Drawing direct analogies with the CE amplifier of Example 6.2, find expressions for the (a) current-gain ratio A,, 
(b) voltage-gain ratio A,, (c) input impedance Z;,, and (d) output impedance Z,. (e) Evaluate this typical CC 
amplifier. 


(a) In parallel with (6.43), 


ye 101 
A; Zt : 98.6 (6.55) 


~1L+hRp  1+(12 x 10762 x 103) 


Note that 4; * —/A,,, and that the input and output currents are in phase because hy. < 0. 
(b) In parallel with (6.46), 


lieRp (—101)(2 x 10%) 
Niet Rihichoe — hjelye) 1 x 108 +(2 x 105)[(1 x 103)(12 x 10-8) — (—101)()] 


= 0.995 (6.56) 


v 


Observe that 4, © 1/(1 — hichge/hy) © 1. Since the gain is approximately | and the output voltage is in phase 
with the input voltage, this amplifier is commonly called a unity follower. 


(c) In parallel with (6.47), 


IyehfeRy (1)(—101)(2 x 10°) 


Zin = Nj - “= = 1 x 10° = 8.41MQ 6.57 
= oR 1+ (12 x 10-92 x 103) O27) 
Note that Zin R —hye/Noc- 
(d) In parallel with (6.50), 
1 1 
9.92 


Zz = — = 
© Noe —hyelre/Nie 12x 10-* — (—101)(D/C x 10°) 


Note that Z, © —hj./hye. 
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(e) Based on the typical values of this example, the characteristics of the CB amplifier can be summarized as 
follows: 


High current gain 

Voltage gain of approximately unity 

Power gain approximately equal to current gain 
No current or voltage phase shift 

Large input impedance 

Small output impedance 


San eae em 


6.9. BJT AMPLIFIER ANALYSIS WITH SPICE 


Since SPICE models of the BJT (see Chapter 3) provide the device terminal characteristics, a 
transistor amplifier can be properly biased and a time-varying input signal can be directly applied to 
the completely modeled amplifier circuit. Any desired signal that results can be measured directly in the 
time domain to form signal ratios that yield current and voltage gains. With such modeling, any signal 
distortion that results from nonlinear operation of the BJT is readily apparent from inspection of signal- 
time plots. Such an analysis approach is the analytical equivalent of laboratory operation of the 
amplifier where the time plot of signals is analogous to oscilloscope observation of the amplifier circuit 


signals. 
SPICE capabilities also lend themselves to BJT amplifier analysis using the small-signal equivalent 
circuits. In such case, the voltage-controlled voltage source (VCVS) and the current-controlled 


current source (CCCS) introduced in Section 1.3 find obvious application in the small-signal equiva- 
lent circuits of the type shown in Fig. 6-1. Either time-varying analysis (TRAN command statement) 
or sinusoidal steady-state analysis (AC command statement) can be performed on the small-signal 
equivalent circuit. 


Example 6.5. For the amplifier of Fig. 3-10(a), let v; = 0.25 sin(2000z1) V, Veco = 15 V, CC; = CC, = CC = 
100 nF, Ry = 6kQ, Ry = 50kQ, Re = Rp = 1kQ, and R; = Rg =100Q. The transistor is characterized by the 
model of Problem 5.4. Use SPICE methods to determine the CE hybrid parameters of (6.5) through (6.8) for this 
transistor at the point of operation. 

The netlist code below describes the circuit. 


EX6_5.CIR 

vi 10SIN(OV 250mV 10kHz) 
Ri 12 100ohm 

Cc1 2 3 1000uF 

Ccc2 47 1000uF 

Rl 30 6kohm 

R2 3650kohm 

RC 64 1kohm 

RE 50 100o0hm 


RL 70 1kohm 

vcc 60 15V 

Q4 35 QNPNG 

. MODEL QNPNG NPN (Is=10fA Ikf=150mA Isc=10fA B£f=150 
+ Br=3 Rb=lohm Rc=lohm Va=75V Cjc=10pF Cje=15pF) 

. TRAN lus 0.1ms 

- PROBE 


- END 


After executing (Ex6_5.CIR), the plots of Fig. 6-8 can be generated by use of the Probe feature of PSpice. The 
resulting 4-parameter value is indicated on each of the four plots of Fig. 6-8. 
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Example 6.6. For the amplifier of Example 6.5, use SPICE methods to determine (a) the input impedance Z;,, 
(b) the current gain A;, and (c) the voltage gain A,. 
Netlist code that describes the amplifier circuit follows: 


Ex6_6.CIR 

vi 1OACI1V 
Ri 12 1000hm 
CC1 2 3 1000uF 
CC2 4 7 1000uF 


R1 
R2 
RC 
RE 
RL 


306 
3) 6.5 
641 
501 
he Od 


vec 601 
Q4 35 QNPNG 

. MODEL QNPNG NPN (Is=10fA Ikf=150mA Isc=10fA B£=150 
+ Br=3 Rb=lohm Rc=lohm Va=75V Cjc=10pF Cje=15pF) 


-AC LI 
-PRIN1 
- PRIN 


- END 


(a) Execute (Ex6_6.CIR) and poll the output file to find the values of input voltage and current. 


kohm 
Okohm 
kohm 
OOohm 
kohm 
5V 


1 100Hz 100Hz 
TAC Vm(1) Vp(1) Vm(7) Vp(7) 
rAC Im(Ri) Ip(Ri) Im(RL) IP(RL) 


V(1) 1 
~ I(vi) 2.465 x 1074 


Zin = 4.056 kQ 


Thus, 
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The output file contains the magnitudes and phase angles of the input and output voltages. Hence, 
Vm(7) 4.649 
Vm(1) 1 

The negative sign accounts for the 180° phase shift [see Vp(7)] of V(7) with respect to V(1). 


The output file values of Ip(Ri) and Ip(RL) show the two signals to be 180° out of phase. The current gain is 
found as 


A= 


= —4.649 


Im(RL) 4.649 x 1073 


i = —18.86 
' Im(Ri) 2.465 x 10-4 


Solved Problems 


For the CB amplifier of Fig. 3-23, find the voltage-gain ratio A, = v,/vs using the tee-equivalent 
small-signal circuit of Fig. 6-3. 


The small-signal circuit for the amplifier is given by Fig. 6-9. By Ohm’s law, 
Veh (Rc a R,) UL 


i, = () 
Rell Ri RoR, 
Fig. 6-9 
Substituting (/) into (6.27) and (6.28) gives, respectively, 
; (Ro + Rz)v 
Us = Veb = (re t Ip )ie 'p “RoR, £ (2) 
R R 
UL = Vep = (ar, a pie (rp t 7) pat (3) 
where we also made use of (6.29). Solving (2) for i, and substituting the result into (3) yield 
(Re + Ry) 7 
Re+ Ri” Ro+R 
vy = (are +1) a (+1) FR, (4) 


The voltage-gain ratio follows directly from (4) as 


—_ UL (ar. +1,)RCR, 
. Us RRi(Te oF rp) + (Re oF RA ~ Or elp + relly oe ro 
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6.2 


6.3 


Assume that r, is large enough so that i, © ai, for the CB amplifier of Fig. 3-23, whose small- 
signal circuit is given by Fig. 6-9. Find an expression for the current-gain ratio A; = i,/i, and 
evaluate it if r, = 30Q,7r, = 300Q,7r, = 1MQ, Re = SkQ, Re = KR, = 4kQ, and a = 0.99. 


Letting i, © ai, in (6.27) allows us to determine the input resistance Rj: 


Veb = (re + pie ~ 1'p(Qie) 
Veb 


from which Rin = ee te +(1—a)r, 
€ 
By current division at node E£, 
: Re, 
i, = ———— i, 
Re + Rin 


Solving for i, gives 


; Re + Rin ¢ RE thet d = arp i 


1 
: RE “ RE i. ( ) 
Current division at node Cc, again with i, x Qip, yields 
R Roa 
i Cc . Cole (2) 


= L= 
Rot+Rz, © Rot+Rz, 
The current gain is now the ratio of (2) to (J): 


sie ip aRc/(Rc + Ry) = aRcR; 
i, [Re tre + CU —a)ry]/Re (Rot R[Re + re + = ary] 


Substituting the given values results in 


(0.99)(4 x 10°)(5 x 103) 


A; = = 0.492 
7 (4x 10° +4 x 10)[5 x 10° + 30 + (1 — 0.99)(300)] 


The transistor of a CE amplifier can be modeled with the tee-equivalent circuit of Fig. 6-3 if the 
base and emitter terminals are interchanged, as shown by Fig. 6-10(a); however, the controlled 
source is no longer given in terms of a port current—an analytical disadvantage. Show that the 
circuits of Fig. 6-10() and (c), where the controlled variable of the dependent source is the input 
current i,, can be obtained by application of Thévenin’s and Norton’s theorems to the circuit of 
Fig. 6-10(a). 


The Thevenin equivalent for the circuit above terminals 1,2 of Fig. 6-10(a) has 
Ush = Arie Zith =Ve 
By KCL, i, =i. + ij, so that 
Uh = Al cle + AM ely (1) 


We recognize that if the Thévenin elements are placed in the network, the first term on the right side of (/) 
must be modeled by using a “negative resistance.” The second term represents a controlled voltage source. 
Thus, a modified Thévenin equivalent can be introduced, in which the “negative resistance’ is combined 
with Z,;, to give 


Uth = ar ci, = Tinkp Zih =, dd ~ are (2) 


With the modified Thévenin elements of (2) in position, we obtain Fig. 6-10(). 
The elements of the Norton equivalent circuit can be determined directly from (2) as 


1 v, OP el 
Fig GT iG lp. Fee Se Be 3 
N Yy th = ( ar N Zi, (i — ay, Bip (3) 


The elements of (3) give the circuit of Fig. 6-10(c). 
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Fig. 6-10 


6.4 Utilize the r-parameter equivalent circuit of Fig. 6-10(b) to find the voltage gain ratio A, = v,/v; 
for the CE amplifier circuit of Fig. 3-10. 


The small-signal equivalent circuit for the amplifier is drawn in Fig. 6-11. After finding the Thévenin 
equivalent for the network to the left of terminals B, E, we may write 


Re, aR 
i 
RptR; | RetR; 


b (1) 


Ube = 


Tint 


Ohm’s law at the output requires that 


(2) 
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Applying KVL around the B, £ mesh and around the C,£ mesh while noting that i, =i,+ i, yields, 
respectively, 


Ube = —T hip ~ Tele = (rp a rein = Tele (3) 


and Vee = Tele ae lnlp et OM ci _— (r. 'mdip [d ar, oe relic (4) 


Equating (/) to (3) and (2) to (4) allows formulation of the system of linear equations 


RgRi \ Ret Ri re(Rg + Rj) 
—(r,+r.+ —- ' 
Regt R; Rp Rp eta 
RcR i} LO 
—(Te = Nin) [a ar, t le t is | ‘ 


from which, by Cramer’s rule, i, = A,/A, where 
Regt R; Rgk; RcR, 
A — hy " 1 _ I - = , —F 
Re {(m-+1+ eee ( are +1 TROER, Te(Te — Tin) 
A> = (r. an Tin )0j 


UL (Ri || Ro)ic = RL Re Te lm 
V; U; Rr,+Rc A 


Then A, = 


The CE tee-equivalent circuit of Fig. 6-10(4) is suitable for use in the analysis of an EF amplifier if 
the collector and emitter branches are interchanged. Use this technique to calculate (a) the 
voltage-gain ratio A, = v,/vg and (b) the input impedance for the amplifier of Fig. 3-26(a). 


(a) The appropriate small-signal equivalent circuit is given in Fig. 6-12. By KVL around the B, C loop, 
with r,, = ar, (from Problem 6.3), 


UB = Tplp a ‘mip + dd ~ ar (ip = ip) = (", of redip ~ dd ~ ON che (/) 


Fig. 6-12 


Application of KVL around the C, £ loop, again with r,, = ar,, gives 


ReRt 
Ret+R, 


0= Tele ‘mip d a)r (i, ip) + 


ReR 
ig = —Telp a E a d ~ are — fat |i 


ee 2 
Re +R, (2) 


By Cramer’s rule applied to the system consisting of (/) and (2), i, = A,/A, where 


RR ReR 
a=n[ret( a)re 4 eee { re(r } _ ) 
Ret+ R, Re +R, 


Ad = rug 
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Now, by Ohm’s law, 
. R-R, A 
v= (ReIRie= Rap 
etR, A 
UL ReRyir,/(Re + Ry) 
vg Mle +AU — are + RERp/(Re + Ry) + rte + ReRi/(Re + Rz)I 


Then A, = 


(b) The input impedance can be found as Z;, = Rg||(vg/i;). Now, in the system consisting of (/) and (2), 
by Cramer’s rule, i, = A,;/A, where 


ReRi 
A, = |1e 1 Ps 
1 [re+( wre + ee don 


Re-R RR 
Rpry E +(1-—a@)r.+ ie + Rure(t cae eae ) 
A Re+R, Re+ Ry 
Hence, Zin = Rell vp) = 
ms (Re try)}re+C e+ ReRt re(r ReRy 
a y | Y i 
B b e c Re+R, eg eT RetR, 


Answer the following questions relating to a CE-connected transistor: (a) How are the input 
characteristics (ig versus vgz) affected if there is negligible feedback of vcg? (b) What might be 
the effect of a too-small emitter-base junction bias? (c) Suppose the transistor has an infinite 
output impedance; how would that affect the output characteristics? (d) With reference to Fig. 
3-9(b), does the current gain of the transistor increase or decrease as the mode of operation 
approaches saturation from the active region? 


(a) The family of input characteristics degenerates to a single curve—one that is frequently used to approx- 
imate the family. 


(b) If Zgq were so small that operation occurred near the knee of an input characteristic curve, distortion 
would result. 


(c) The slope of the output characteristic curves would be zero in the active region. 


(d) Aic decreases for constant Aig; hence, the current gain decreases. 


Use a small-signal h-parameter equivalent circuit to analyze the amplifier of Fig. 3-10(a), given 
Re = RF, = 8002, = R= 0,R, =1.2kQ, Ry = 2.7kQ, hy, © 0, ge = 100 WS, hy = 90, and 
hie = 2002. Calculate (a) the voltage gain A, and (db) the current gain 4;. 


(a) The small-signal circuit is shown in Fig. 6-13, where Rg = Rj Ro/(R, + Ro) = 831Q. By current 
division in the collector circuit, 


= Re(/hee) h e 
Re /hge) + Ri /foe) + RLRe ? 


i 


Fig. 6-13 
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The voltage gain is then 


A we Reit hyeRLRe (90)(800)° 


= = = = —173.08 1 
YU Nielp hie Re + Rt +MoeRiRe) 200[1600 + (100 x 10~°)(800)7] ou 


(b) By current division, 


hm oe 
I= Rz He Nie lj 
ie Res ye Relic (831)(200)(—173.08) 
yee = = = 234.87 
[Ta Rode Belk eo (800)(1031) 


6.8 For the amplifier of Example 6.5, use SPICE methods to determine the voltage gain A, = v;,/1;. 


Execute the file (Ex6_5.CIR) of Example 6.5, then use the Probe feature of PSpice to generate the 
instantaneous waveforms of input voltage v; and output voltage v, shown by Fig. 6-14. The peak values of 
v; and v,; are marked. Hence, 


die). “Rage. D528 


vj Vin 0250 


ee = 


( 250 mv) 


SEL>> | 
-300 mV+--------------5-------------- 4 
Os 50 us 100 us 
ao vV(1) 
Time 
Fig. 6-14 


6.9 Suppose the emitter-base junction of a Ge transistor is modeled as a forward-biased diode. 
Express h,, in terms of the emitter current. 


The use of transistor notation in (2./) gives 
ig = Icgo(e™!"" — 1) () 


Then, by (6.5), 


_= = — Icgoe"#0!"? (2) 
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But, by (/) and Problem 2.1, 


Inq = Icgo(erste!”” = 1) © Icgoe”B#2!"" (3) 
Tro 
and I = — 4 
n = Bat (4) 
Equations (2), (3), and (4) imply 
eed Scie) 
le Tro 


For the CB amplifier of Problem 3.12, determine graphically (a) hg and (6) Nyy. 
(a) The Q point was established in Problem 3.12 and is indicated in Fig. 3-16. By (6./3), 


Ai 3.97 — 2. 10-3 
hy So aA De 0585 
© Ale |yeg9=-6.1V (4—2) x 10 
(5) By (6.14), 
: -3 
lg » DiC _ 3.05 =2.95) x10 _ 1) 51 
AvC8B | Ipy=3mA —10 —(—2) 


Find the input impedance Z;, of the circuit of Fig. 3-10(a) in terms of the h parameters, all of 
which are nonzero. 


The small-signal circuit of Fig. 6-13, with Rg = R,R>/(R; + Ro), is applicable if a dependent source 
h,eVce 18 added in series with h,,, as in Fig. 6-1(a). The admittance of the collector circuit is given by 


1 1 
= Ne bt + 
G=h,+ re + a 
and, by Ohm’s law, 
—hyi 
‘fe'b 
— 1 
Vee G () 
By KVL applied to the input circuit, 
Ui — hyeVce 
pee (2) 
Now (/) may be substituted in (2) to eliminate v,,, and the result rearranged into 
: h. he 
Zi, = tah, — ele 3 
in i, Lie G ( ) 
RpZ;, Ra(Nie — Nypehjo/G 
Then Zin Bein BC ie Tye Lfe/ ) (4) 


> Rg + Zin = Rg + Nie a, hyehye/G 


In terms of the CB / parameters for the amplifier of Fig. 6-15(a), find (a) the input impedance 
Zin, (b) the voltage gain A,, and (c) the current gain A,. 


(a) The h-parameter equivalent circuit is given in Fig. 6-15(b).. By Ohm’s law, 


hpi hypic 
ple = Ifpl () 


Me Tig Roe yk |G 


Application of KVL at the input gives 
Us = lypVen + Nini (2) 
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—Vep +Veo 


Nop (S) 


(db) 


Fig. 6-15 


Now (/) may be substituted into (2) and the result solved for Z{, = vs/i,. Finally, Zj, may be found as 
the parallel combination of Z/, and Rr: 


Re(hpG — hyphp) 


in — 3 
R;G + hipG ~ hhy ( ) 
(b) By elimination of i, between (/) and (2) followed by rearrangement, 
A, Uch hy 
US hinG — hhy 
(c) From (J), 
Veb hypic 
= aoe 4 
IL Re RG (4) 
By KCL at the emitter node, 
: ‘ Us . linZin . Zin 
Ig a lin Re aa lin Re in(1 a) (5) 


Now elimination of i, between (4) and (5) and rearrangement give 


Aci hyp (: 7) 
, lin R,G RE 


6.13. The CE h-parameter transistor model (with h,, = h,. = 0) was applied to the CC amplifier in 
Section 6.2. Taking ig and vgc as independent variables, develop a CC h-parameter model which 
allows for more accurate representation of the transistor than the circuit of Fig. 6-2(c). 


CC characteristics are not commonly given by transistor manufacturers, but they would be plots of ig 
vs. Ugc With vgc as parameter (input characteristics) and plots of iz vs. vgc with ig as parameter (output or 
emitter characteristics). With ig and vgc as independent variables, we have 


Upc = Siliz, vec) (/) 
ig = foliz, Vec) (2) 
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Next we apply the chain rule to form the total differentials of (/) and (2), assuming that v,,. = Augc © dugc, 


and similarly for i,: 


Upe = Avge © dugc = 


ip = Aig © dig = — 
1B 


Finally, we define 


Input resistance 


Reverse voltage ratio 


Forward current gain 


Output admittance 


Fig. 6-16 CC small-signal equivalent circuit 


Le} 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


6.14 Redraw the CE small-signal equivalent circuit of Fig. 6-1(a) so that the collector C is common to 
the input and output ports. Then apply KVL at the input port and KCL at the output port to 
find a set of equations that can be compared with (3) and (4) of Problem 6.13 to determine the CC 


h parameters in terms of the CE / parameters. 


Figure 6-1(a) is rearranged, to make the collector common, in Fig. 6-17. 


B,C loop, with v,. = —ve,, results in 


Ube = Nieip Ie NyeVc0 + Veo = hieip +r (1 = Dye Wee 


hyeV ee 


Applying KVL around the 


WY) 
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6.16 


Applying KCL at node E gives 


i, = i, hyip t NoeVee va (hye t i, t NoeVec (2) 
Comparison of (/) and (2) above with (3) and (4) of Problem 6.13 yields, by direct analogy, 
hic = Nie Nye =1- hye hye z —(hye + 1) Noe = Noe (3) 


Use the CC transistor model of Fig. 6-16 to find the Thévenin equivalent for the circuit to the 
right of terminals B, C in Fig. 6-2(b), assuming h,, © 1 and h,, * 0. Compare the results with 
(6.16) to determine relationships between hj, and h;., and between hy and hy. 


The circuit to be analyzed is Fig. 6-16 with a resistor R; connected from E to C. With terminal pair 
B,C open, the voltage across terminals C, E is zero; thus, the Thévenin equivalent circuit consists only of 
Zr; = Rrm. Now consider v;, as a driving-point source, and apply KVL around the B, C loop to obtain 


Vap = VUpe = Nici, + yeVee x Nicip + Vee (/) 
Use KCL at node E to obtain 
Veo = iRe = (hyip t NocVce)RE od —hyReip (2) 


Substitute (2) into (/), and solve for the driving-point impedance: 


Ube 
Rn = Fs = hic = hye Re (3) 
b 


Now (3) is compared with (6./6), it becomes apparent that hj. = hje and hy = —(hy + 1), as given in (3) of 
Problem 6.14. 


Apply the definitions of the general / parameters given by (/./6) to (/./9) to the circuit of Fig. 
6-1(b) to determine the CE / parameters in terms of the CB / parameters. Use the typically good 
approximations h,, < 1 and h,»,hy, « 1+ hg to simplify the results. 


By (/.16), 
hy = () 
lp Vee=0 


If Up. = 0 (short-circuited) in the network of Fig. 6-1(b), then v,, = —vpe, so that, by KVL around the E, B 
loop, 


Ube = Nipie hypVep = hipic t hypUpe 
é ‘ hip ~ 1 
which gives nt Ube (2) 
ib 


KCL at node B then gives 


1+ hy) — h, 
iy = —(1 + lp )ic — Nob ep = ‘ x un ws) usm 
ib 
Now, (/) and the given approximations, 
J hi hi 
hie= ~ 
hiphop +A +hp)d —hy) L+hp 
By (1.17), 
Hire =P (3) 
Uce |i,=0 


If i, = 0, then i, = —i, in Fig. 6-1(b). By KVL, 


Uce = Veb hyp Ucb h ib ig in ( 1 hyp Web hip ig (4) 
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KCL at node C then gives 


ig = ale = hpi + Nopveo 
h 
that = —-_% 5 
so tha i, T+ hp (5) 


Substituting (5) into (4) with u,, = Uce — Upe gives 


hiphos 
1+ hy 


Vce = (1 hyp )(Vce Ube) a (Vcc Ube) 


After rearranging, (3) and the given approximations lead to 


he ( + hp) — hinher Minton 


Nye = ~ h, 
© hiphoy + (hyp — DA +hp) 1+hp sa 
By (./8), 
i, 
hy =o (6) 
lp Vee=0 
By KCL at node B of Fig. 6-1(5), with v,, = 0 (and thus v,5 = Ve, = —Vpe)s 
inp = —C + Ip)ic — Non vep = —C + Ip )ic + Noo Ube 
Solving (2) for v,. with i, = —i, — i, and substituting now give 
h, ho . : 
in = 1 + Ip )ip + i) + pee (ip +i) 
1— hy 
After rearranging, (6) and the given approximations lead to 
= —hpd — hyp) — hiphon ix) —hp 
ye (1+ hp) = hyp) + htop 1 +hp 
By (./9), 
hye = (7) 
Vee ip=0 


If i, = 0, then —i, =i,. Replacing i, with —i, in (4) and (5), solving (4) for v4, and substituting into (5) give 


< Nop Uce hy : 
L= be 
ST +hp Why Liye “ 


After rearranging, (7) and the given approximations lead to 


hop ws hop 
Ap) t+ hye) + hiptoy 1+ hp 


Noe 


Apply the definitions of the z parameters given by (/./0) through (/./3) to the CB A-parameter 
circuit of Fig. 6-1(b) to find values for the z parameters in terms of the CB / parameters. 


The circuit of Fig. 6-1(b) is described by the linear system of equations 


hip hy ig _ | Veb 
lie | 7 ic i 


41) (2) 


By (1.10) and Fig. 1-8, 
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Setting i, = 0 in (J) yields 


h 
Upp = ia I (3) 


Substituting (3) into the first equation of (/) and applying (2) yield 


hyyh ‘b 
211 = hip — ii 7 
By (/./2) and (3), 
2», =| __ hn 
cc ly i,.=0 7 Nop 
By (1), 
Veb 
22 =— (4) 
1 i,=0 


Setting i, = 0 in (/), solving the two equations for v,,, and equating the results give 


Veh Ig . h,, 
ie = i from which Zn = i. 
Finally, by (/./3), 
Ue 
2) = . (5) 
c li=0 


Letting i, = 0 in the second equation of (/) and applying (5) yield z9, = 1/h,, directly. 


6.18 For the CE amplifier of Fig. 3-17, assume that h,. = hy. © 0, hie = 1.1kQ, hy = 50, C, > 00, 
Rr = 100kQ, Rs = 5kQ, and Ro = Rp +20kQ. Using CE A parameters, find and evaluate 
expressions for (a) A;=i;/is, (b) Aj =iz/iy, (C) Ay =vz/vs, and (d) Al =vz/vp.. 


(a) The small-signal equivalent circuit for the amplifier is given in Fig. 6-18. By the method of node 


voltages, 
Us — Ube Uce — Ube Ube 
=0 I 
Rs ~ Rr hic ( ) 
Ube — Vee h, i Re - R, »..=0 (2) 
Re ‘fe'b Re R, ce 


Fig. 6-18 


Rearranging (/) and (2) and substituting i, = vp./hje lead to 


1 1 1 1 


oF 7 Us 
Rs Rr hie Re Ube _ Rs 
hy 1 1 Re + R, Uce 0 
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The determinant of coefficients is then 
pe IE Romy 1 ee I 
Rs Re hie] \Rr ReR, i Re \ie Re 
Te Bo ANA: TOTO coe 8 As ASO). = UN ate a 
t t 1 t 1 =4.557x 1 
(; ina + ra) (Fan 10 x wn)! Oy T00 (F im) SD 
By Cramer’s rule, 
1 Reo+R, iG, Aes 
28 fg KEE ea a VY : 
A (q+ RR, es (wast 30)! oes - 
Ube = = = 3 a 4.828 x 10 Us (3) 
A Ry A (5 x 10°)(4.557 x 10-°) 
1 2) 1 50 3 
—— Jus —~ —— ](10 ~)u 
2 GB Gon Bjurm 
and vp =Ue=—= Bee) NS = —1.995u5 (4) 
A Rs A (5 x 10°)(4.557 x 10-°) 
. 3 
so. pe RS Res (5 x 10°)(—1.995vs) _=-0.501 
ig (Us — Upe)/Rs — Rr(Vs — pe) — (20 x 10° )(ugs — 4.828 x 10-P v5) 
oe Ry hie 1.1 x 103)(—1.995 
(b) x L up/ Ry ieVL ( = 0°) ) — 22.73 
ip Ube/ Nie ~RiVpe (20 x 10°)(4.828 x 10-2u5) 
—1.995 
(c) Aya = YS _ 1.995 
Us Us 
—1.995 
(d) pe ~S__ = — 413.2 
Ube 4.828 x 10 Us 
6.19 Inthe CB amplifier of Fig. 6-19(a), let R; = Ry = 50kQ, Re = 2.2kQ, Re =3.3kQ, Ry = 1.1kQ, 


Co = Cp > Ay © 0, hy = 25Q, hoy = 10-°S, and hy = —0.99. Find and evaluate expressions 
for (a) the voltage-gain ratio A, = v,/v, and (6) the current-gain ratio A; = iz /i,. 


(a) With h,, = 0, the CB A-parameter model of Fig. 6-1(b) can be used to draw the small-signal circuit of 


Fig. 6-19(b).. By Ohm’s law at the input mesh, 


Ohm’s law at the output mesh requires that 


1 
UL = i 


Substitution of (/) into (2) allows the formation of A,;: 
RcRip 

hip Re + Rr + Nop RcRz) 
(2.2 x 10°)(1.1 x 103)(—0.99) 


RcRi pie 
Rot Ry + hopRcRi 


IRell&s)( hypic) 


UL 
A,=—= 
Us 


WY) 


(2) 


= 29.02 


(25)[2.2 x 103 + 1.1 x 103 + (10-®)(2.2 x 103)(1.1 x 103)] 


(6) By current division at node E£, 


Re, 
i= i 
Current division at node C gives 
1/hg5)\|R Rchypi 
a ( / ob) I C ( hypic) Cl fbfe 


C/A) Ro + Ry Ro t+ Ry + hopRiRe 


(3) 


(4) 
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in (b) o 


Fig. 6-19 


Now substitution of (3) into (4) allows direct calculation of A;: 
ReRchp 
i, (Re + hip)(Re + Rp + hop RR) 
(3.3 x 10°)(2.2 x 10°)(—0.99) 
—(3.3 x 10° + 25)[2.2 x 107 + 1.1 x 10° + (10-°)(1.1 x 103)(2.2 x 103)] 


= 0.655 


6.20 Let vs = sin(2000z7) V and apply SPICE methods to the small-signal equivalent circuit of Fig. 
6-19(b) to solve Problem 6.19. 


(a) The netlist code below describes the circuit: 


Prb6_20.CIR 

vs 10 SIN( OV 1V 1kHz ) 
RE 10 3.3kohms 

Rhib 12 25o0hms 

Vsen 20DC OV 

Fhfb 30Vsen-0.99 


Rhob 30 {1/1le-6S} 
RC 302.2kohms 
RL 301.1kohms 
- TRAN 5 us 1lms 

.- PROBE 

- END 


After executing (Prb6_20.CIR), the traces of the input voltage vs = V(1) and the output voltage 
v, = V(3) of Fig. 6-20(a) are generated using the Probe feature of PSpice. Since the input voltage 
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has been conveniently selected at 1 V peak, the voltage gain is simply equal to the peak value of v;, or 
A,, = 29.02 as marked on Fig. 6-20(a). 


(b) The resulting instantaneous waveforms for ig = —I(vs) and i, = I(RL) are shown by the upper plot of 
Fig. 6-20(b). The current gain is determined by the ratio of maximum or peak values of output current 
(i,) to input current (is) as displayed by the lower plot of Fig. 6-20(5) where 4; = 654.6 x 107°. 


ag -I(vs) o I(RL) 


| (€ 654.6 m) 
t 
SEL>>! 
O+----+----------- potter nn ne- | 
Os 0.5 ms 1.0ms 
F o MAX(I(RL))/ MAX(-I(vs)) 
a V(3) ¢ V(1) Time 
Time 
b 
- (d) 


Fig. 6-20 


6.21 Use the CC h-parameter model of Fig. 6-16 to find expressions for the current-gain ratios 
(a) Aj =i,/i, and (6) A; =i,/i; for the amplifier of Fig. 6-2(a). 


(a) The equivalent circuit is given in Fig. 6-21. At the output port, 


: (1 hyR : 
iRe = Veo = heo( 5 ; ike) = h = in 1 |p (1) 


Fig. 6-21 


and A} is obtained directly from (/) as 


i 


Aaee hye 
i ip 7 hyeRe ae 1 
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(b) With Roy, = Rin = hie — MpchjeRe/(MocRe + 1), current division at node B gives 


i, 1 Rg i, Rp 1 
ig A} Rg a Rin ig Rg a Rin A; 
R R hy. 
so 5 a a . fe 
Rat Rin Rg thie t hyechyeRe/ocRe + VY) hoeRe + | 
hye Rp 


~ (Rg t hicMhooRe +) + hycheRe 


6.22 In the two-stage amplifier of Fig. 6-22, the transistors are identical, having hj. = 1500 Q, hy = 40, 
hie © 0, and h,. = 30S. Also, R; = 1kQ, Rey = 20kQ, Rey = 10kQ, 


RR RR 
W413 _ 5 EO a i 21X92 


= ——_—. = = § kD 
Ri t+Rp Ry + Ry 


Rai 


Fig. 6-22 


Find (a) the final-stage voltage gain A,» =v,/V,|;_ (b) the final-stage input impedance Z,;,); 
(c) the initial-stage voltage gain A,; = v,|/vVin; (d) the amplifier input impedance Zj,,;; and 
(e) the amplifier voltage gain A, = v,/v;. 
(a) The final-stage voltage gain is given by the result of Problem 6.7(a) if the parallel combination of R; 
and R¢ is replaced with Re»: 
hyeRor (40)(20 x 10°) 
hill +lgeRoo)  (1500)[(1 + (30 x 10-20 x 10°) 


(b) From (4) of Problem 6.11 with h,,. ~ 0, 


Ay = —333.3 


Rphj (5 x 10°)(1500) 
Rp th 5x 103 +1500 


Zing = = 1.154kQ 
(c) The initial-stage voltage gain is given by the result of Problem 6.7(a) if Rc and R, are replaced with Rc, 
and Zi, respectively: 


hyeZin2Re1 (40)(1154)(10*) 


= —26.8 
hidRei + Zinr + MoeZin2Rcir) __ (1500)(10* + 1154 + 346.2) 


Ay 
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(d) As in part b, 


a = Ratlie_ = 1.154k2 
Ra + Nie 
(e) By voltage division, 
Vin Zint 1154 
= = = 0.5357 
v;  Zmi+R; 1154+ 1000 
and A, = 2 = Ay Ai = (0.5357)(—26.8)\(—333.3) = 4786 
UU; 


6.23 In the amplifier of Fig. 6-23(a), the transistors are identical and have h,, =h,. ~ 0. Use the CE 
h-parameter model to draw an equivalent circuit and find expressions for (a) the current-gain 
ratio A; = ig/i;, (b) the input resistance R;,, (c) the voltage-gain ratio A, = v,/v;, and (d) the 
output resistance R,. 


+Voco 


(a) 


Fig. 6-23 


(a) With h,, =h,. © 0, the small-signal equivalent circuit is given by Fig. 6-23(6). KCL at node E gives 
ig = hyeipy + hyeina + igi + top = Aye + Cini + ihr) (/) 


Since i; = i, + ij2, the current-gain ratio follows directly from (/) and is 4; = hy +1. 


(b) KVL applied around the outer loop gives 


Uj; = (Nell Mie)t; + Re(Mye + Vij 


; 1 

so that kes 5 hie + (he + DRe (2) 

qj 

(c) By KVL, 

Up = 0; — Niel hie)is = 0; — 5 hieij (3) 

v: 

But i; = —— 
: -— 4 


Substitution of (4) and then (2) into (3) allows solution for the voltage-gain ratio as 


1 L hie 1 i hie — Ie + DRE 
U; 2 Rin shi, + (hp + DRe shi, + (hy + DRE 
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(d) If Rg is replaced by a driving-point source with v; shorted, KCL requires that 


: : 5 Vdp 

lap = hyip + ing) +5 h 
hie || ie 

Vdp = Vdp 


But ip} t ing i; h, Ih, “Tp. 
Substituting (6) into (5) leads to 7 

Vadp 1 hie 
jap Iaye/AMie HAAN — hye +N) 


R, = 


6.24 The cascaded amplifier of Fig. 6-24(a) uses a CC first stage followed by a CE second stage. 
Rs; = 0, Ry = 100kQ, Ry = 90kQ, Ry = 10kQ, Ry» = 90kQ, Rp = Re = 5kQ, 


Re =I9kQ. For transistor Q),h,.*0, Aje = 1kQ, Aye 1, and hy = —100. For 


191 


(5) 
(6) 


Let 
and 


Q>, 


Nye = Noe © 0, hye = 100, and hi, =1kQ. Find (a) the overall voltage-gain ratio A, = vz /v, 


and (b) the overall current-gain ratio A; = i, /i,. 


(a) 


(a) The small-signal equivalent circuit is drawn in Fig. 6-24(b), where 


(90 x 10°)(100 x 10°) 
90 x 103 + 100 x 103 
(90 x 10°)(10 x 103) 
90 x 103+ 10 x 10° 


Rp = Ry, |Rp = = 47.37 kQ 


and Rp = Ry||Ra = 


=45kQ 
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6.25 


(6) 
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From the results of Problem 6.44, 
hye( Rell Rea llhie) (—100)(818.2) 


A, = 0.9879 
a hie — Mychye(Re\R ga llhie) 1 x 10° — (1)(—100)(818.2) 
and from the results of Problem 6.7, 
¥ hpRiRc (100)(5 x 10°)(5 x 103) ins 
eT he(RE+ Re) (1 x 10°95 x 10° +5 x 103) 
Then A, = A, A, = (0.9879)(—100) = —98.79 
From the results of Problem 6.21, 
re do hyeRai (—100)(47.37 x 10°) 
nr Rat t+ hie + hyeltje( Rell Reo llAie) 47.37 x 103 + 1 x 10° + (1)(—100)(818.2) 
= 36.38 


and again from Problem 6.7, 


(Rel|Ra)Nie (4.5 x 10°)(1 x 10°) 
Ay = 2= 100 16.36 
2 RA(RellRe the) (5 x 10°)(4.5 x 10° + 1 x 103) 1) 
Then A; = Aj Ap = (36.38)(—16.36) = —595.2 


Note that, in this problem, we made use of the labor-saving technique of applying results deter- 


mined for single-stage amplifiers to the individual stages of a cascaded (multistage) amplifier. 


For the cascaded amplifier of Fig. 6-24(a), let Co =Cy = 100 uF, Rey = 600Q, 


vs = 10 sin(20x x 10*)mV. All other resistors have the values of Problem 6.24. The transistors 
are characterized by the SPICE default npn model. Apply SPICE methods to determine (a) the 


overall voltage gain and (4) the overall current gain. 


(@) 


The following netlist code describes the circuit: 


Prb6_25.CIR 

vs 10SIN(0O 10mV 10kHz) 
vcc 50DC 15V 
CCl 12 100uF 

cc2 34 100uF 

CC3 68 100uF 

CE 70 100uF 

R11 20 100kohm 
R12 5 2 90kohm 
R22 54 90kohm 
R21 40 10kohm 

RE 30 9kohm 

RC 565kohm 

RL 80 5kohm 

RE2 70 6000hm 

Q1 523 QNPN 

Q2 647 QNPN 

- MODEL QNPN NPN () 
- PROBE 

- TRAN 5us 0.2ms Os lus 
- END 


Execute (Prb6_25.CIR) and use the Probe feature of PSpice to plot the waveform of output voltage v, 
shown in the upper plot of Fig. 6-25(a). Since the waveform has some distortion, the Fourier trans- 
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( 273.2 nA) 


ao I(CCl) 


1 
{ 
1 
1 
1 
; ( 200.6 uA) 
1 


0 Hz 50 KHz 100 KHz 
a I(RL) 
Frequency 
(6) 


Fig. 6-25 


form has been implemented using the FFT feature of PSpice to determine the value of the fundamental 
frequency component of v, as shown in the lower plot of Fig. 6-25(a). Then 


1.003 
= —-—— = — 100.3 
A, Ol 100 


The negative sign indicates that v, has a 180° phase shift with respect to vs. 


(b) Use the Probe and FFT features of PSpice to plot the Fourier spectra of the input current I(CC1) and 
the output current I(RL) as shown by Fig. 6-25(5). The current gain is found as the ratio of the marked 
spectra fundamental component values of Fig. 6-25(b). 


_ 200.6 x 107 


= - SS 7343 
: 273.2 x 10-6 


The negative sign indicates a 180° phase shift between is and i,. 


6.26 The cascaded amplifier of Fig. 6-26(a) is built up with identical transistors for which 
Nye = Noe © 0; Ay = 100, and hj, = 1kQ. Let Re, = 1kQ, Rey = 10kQ, Re = 100Q, 
Rey = Rp = 3kQ, and C,=Ce,-> ow. Determine (a) the overall voltage-gain ratio 
A, =v,/v;, and (b) the overall current-gain ratio A; = i, /iy. 
(a) The small-signal equivalent circuit is given in Fig. 6-26(6). From the results of Problem 6.7 with h,, = 0 
and Re replaced with Reo, 


hyeRr Reo (100)(3 x 10°)(3 x 10°) 


= —150 
hie(Ry + Rev) (1 x 103\(3 x 10° +3 x 103) 


Avy 
From the results of Problems 6.48, in which Re, R,, and Rg are replaced with Ro, hj, and Re, 
respectively, 


hjeReinic (100)(10 x 103)(1 x 103) 
(Rei thie (hj + Rei t+ hiel (11 x 108)[(100 + 1) x 108) + 1 x 108] 


Ay = 0.891 
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Fe Vo Cc 


Thus, Ay = Ay Aq = (—0.891)(—150) = 133.6 


(b) From the results of Problem 6.48 with Rc and R; replaced with Re; and h,,, respectively, 


heRc (100)(10 x 10°) 
Aj = - = = —90.91 
1 Rea thie 10 x 10° +1 x 103 

Now, by current division at the output network, 

i hiyoi Rea 

L fe'h2 Ro +R, 

j hypRe 7 
Hence, Ap = es = Oe = Ue =) y= —50 
~ 1p2 Roe + R, 3 x 10° +3 x 10° 

and Aj = Aj Aj = (—90.91)(—50) = 4545.4 


6.27 Inthe cascaded CB-CC amplifier of Fig. 6-27(a), transistor Q, is characterized by h,,; = hp»; © 0, 
hyp, = 50Q, and hy, = —0.99. The / parameters of transistor Q, are hj. 0, hyo = 1, 
hig = 500 Q, and hyeg = —100. Let Ry, => Re = 2kQ, Rp = 30 kQ, Rp = 60 kQ, Ry = 50 kQ, 
Ry = 100kQ, Rez; =5kQ, and Cgp=C, > ow. Find (a) the overall voltage-gain ratio 
A, =vz/vs and (b) the overall current-gain ratio A; = iz, /is. 

(a) The small-signal equivalent circuit is shown in Fig. 6-27(b).. From the results of Problem 6.19, with 
Rg = Ri||Ro, 


hy Rehicr (—0.99)(33.3 x 10°)(500) 
hin (Re thio) — (50)(33.3 x 10° + 500) 


Ay = 9.75 


By the results of Problem 6.44, 
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hyo Re2||R = ? 
die Ler Reo || Rr) _ (—100)(1 x 10°) ~ = 0.995 
“ hicg — hyeghyen( Rez || Rx) 500 — (1)(-100)(1 x 10°) 
Thus, A, = A, Ay = (9.75)(0.995) = 9.70 
(b) Based on the results of Problem 6.19, 
in hwoRei Re (—0.99)(5 x 10°)(33.3 x 10%) si bee 


(Rey th (Re thio) (5 x 10° + 50)(33.3 x 10° + 500) 


By current division at node £5, 


ip hy Rep (—100)(2 x 103) 

— = An : x = 50 

1h2 Rr t+ Ry (2 x 10°) + (2 x 10°) 
Then, A; = Aj An = (0.966)(50) = 48.3 


6.28 Use the CE /-parameter model to calculate the output voltage v, for the amplifier of Fig. 3-22, 
thus demonstrating that it is a difference amplifier. Assume identical transistors with 
yo = Noe © 9. 


The small-signal circuit is given in Fig. 6-28. Let a =hje + (hy + 1)Re and b = (hy + 1)Rze; then, by 


KVL, 
V1 = dip, + digg (1) 
V2 = byip + Aipg (2) 
Vo = IyeRc(in — ina) (3) 


Solving (/) and (2) simultaneously using Cramer’s rule gives 


A=a-b 
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6.30 


6.31 


6.32 


6.33 
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Fig. 6-28 
. Ay av, — ) 
and pa geeks 4 
an Tp] A w = Pe ( ) 
Be! A> = av2 — bv, 
Ih = A ob (5) 


Substituting (4) and (5) into (3) gives, finally, 


hyRc 
2 (av, — bv — av, + bv) = 


hypRe lye 
eS (uy — ») = = Rev, — w) 
a—b Nie 


Us = 


which clearly shows that the circuit amplifies the difference between signals v; and vp. 


Supplementary Problems 


For the CB amplifier of Fig. 3-23, find the voltage-gain ratio A, = v,/v,, using the tee-equivalent circuit of 
Fig. 6-3 if r, is large enough that i, © ai,. Ans. A, = (a@ReR,z)/{(Re + Rplre + — @rp)} 


For the CB amplifier of Fig. 3-23 and Problem 6.29, Re = R, = 4kQ,r, = 30Q, r, = 300Q,r, = 1MQ, 
and a = 0.99. Determine the percentage error in the approximate voltage gain of Problem 6.29 (in which we 
assumed i, © ai,), relative to the exact gain as determined in Problem 6.1. 

Ans. Approximate gain is 1.99 percent greater. 


Use the r-parameter equivalent circuit of Fig. 6-10(4) to find the current-gain ratio A; = i,/i, for the CE 
amplifier of Fig. 3-10. 


= Rc(re = a) 
(Re + Ry — are + re] + Re Ry 


Ans. A; 


For the EF amplifier of Fig. 3-26(a), use an appropriate r-parameter model of the transistor to calculate the 
current-gain ratio A; = i,/i,. 
ReRgzr, 
(Re t+ Ri) Re t+ rte + — are + Rel| Rr] + (Re + Re)re(te + Rell Rx) 


Ans. A; 


Apply the definitions of the / parameters, given by (/./6) through (/./9), to the r-parameter circuit of Fig. 
6-3 to find the CB / parameters in terms of the r parameters. 
Ans. hiy ="e + (1 _ pr e/(p t Te), hy _ r5/(p t i); hy _ (r, + ar.) /(rp + Te), Nop = 1/(rp + 7) 
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6.34 


6.35 


6.36 


6.37 


6.38 


6.39 


6.40 


Apply the definitions of the z parameters, given by (/./0) through (/./3), to the circuit of Fig. 6-3 to find 
values for the z parameters in the equivalent circuit of Fig. 6-29, which contains two dependent voltage 
sources. Ans. 24) =le tp. 212 =Mp, 221 =Mp HF OMe, 220 = Th +e 


Apply the definitions of the z parameters, given by (/./0) through (/./3), to the CE h-parameter circuit of 
Fig. 6-1(a) to find values for the z parameters in the equivalent circuit of Fig. 6-29 in terms of the CE h 
parameters. Ans. 241 = Nie — Nyehye/Noes 212 = Mre/ Noes 221 = —Nyje/Noes 222 = |/Noe 


Use the z-parameter model of Fig. 6-29 to calculate (a) the current-gain ratio A;=i,/i; and (b) the 
voltage-gain ratio A,, = v,/v; for the amplifier of Fig. 3-10(a). 
Ans. A; = Re Rg2n/(Ro + Ri Re t+ 212 + Rell Ry) + 2122011, 

Ay = 2 Re( RI Ro)/{E22 + Rell RL[ReRi + 211(Re + Rid} 


For the CE amplifier of Fig. 3-17 with values as given in Problem 6.18, find (a) the input resistance R; and 
(b) the output resistance R,. Ans. (a) 24.262; (b) 2.154kQ 


A CE transistor amplifier is operating in the active region, with Vcc = 12 Vand Ry, = 2kQ. If the collector 
characteristics are given by Fig. 3-9(b) and the quiescent base current is 30 uA, determine (a) hy and 
(b) Noe- Ans. (a) 190; (b) 83.33 uS 


In the circuit of Fig. 6-30, h,, = 10-7, h;, = 200 Q, hy = 100, and h,. = 1004S. (a) Find the power gain as 
A, =|A;A,|, the product of the current and voltage gains. (b) Determine the numerical value of R; that 
maximizes the power gain. Ans. (a) Nio/Moe Rr + I(Agehie — IyehpehieRe VI; (b) 14.14kQ 


Fig. 6-30 


The EF amplifier of Fig. 3-26(a) utilizes a Si transistor with negligible leakage current and 6B = 59. Also, 
Veo = 15V,V, =3V (V_, is the dc component of v,), and Re =1.5kQ. Calculate (a) Rg, (bd) the 
output impedance Z,, and (c) the input impedance Z;,. 

Ans. (a) 339kQ;  (b) 1.185kQ; (ec) 50.98kQ 
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6.41 


6.42 


6.43 


6.44 


6.45 


6.46 


6.47 
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The amplifier of Fig. 6-31 has an adjustable emitter resistor Rg, as indicated, with 0 <A<1. Assume that 
Ne = Noe © 0 and C. — oo, and find expressions for (a) the current-gain ratio A; = i,/i,, (b) the voltage- 
gain ratio A, = v,/v,, and (c) the input impedance Z;,. 


Ans. (a) A; he RaRe ; 
(Ro + Ri)[Re t+ Nie + ye + DARE] 
ie. 8 hjeRcRpR, | 
(Ro + Rp) RsRp t+ (Rs + Ralhic + (hye + 1)ARE]} 
() R= Roalhie + (ye + 1I)ARE] 


Rat hie + (je + DARE 


Fig. 6-31 


For the CB amplifier of Problem 6.19, use SPICE methods to find (a) the input impedance Z;, and (b) the 
output impedance Z,. (Netlist code available at author website.) Ans. (a) 24.812;  (b) 2.195kQ 


The exact small-signal equivalent circuit for the CC amplifier of Fig. 6-2(a) is given by Fig. 6-21. Find the 
Theévenin equivalent for the circuit to the right of terminals b, b, assume that h,, = h,. © 0, and show that the 
circuit of Fig. 6-2(c) results. (Hint: The conversion from CE to CC / parameters was worked out in Problem 
6.14.) 


Apply the CC h-parameter model of Fig. 6-16 to the amplifier of Fig. 6-2(a) to find an expression for the 
voltage-gain ratio A, = vg/v;. Evaluate A, if hj. = 100 Q, hye = 1, hye = —100, hoe = 107° S, and Re = 1kQ. 
Ans. Ay = —hyRe/WiceNocRe + 1) — Iychye Re] © 0.999 


Find an expression for R, in the CC amplifier of Fig. 6-21; use the common approximations h,, © 1 and 
he *0 to simplify the expression; and then evaluate it if R, =1kQ, Ry = 10kQ,h,, = —100, and 
hic = 100 Q. Ans. Ro = Nie/Aochic — hyelre) © —hie/ hye = 1 Q 


The cascaded amplifier circuit of Fig. 6-24(a) matches a high-input-impedance CC first stage with a high- 
output-impedance CE second stage to produce an amplifier with high input and output impedances. To 
illustrate this claim, refer to Fig. 6-24(b) and determine values for (a) Zin = Rin, (b) Zin, (cc) Z,, and 
(d) Zj if Rs = 5kQ and all other circuit values are as given in Problem 6.24. 

Ans. (a) 29.18kQ; (b) 818.22; (c) 5kQ; (d) 9.99Q 


To illustrate the effect of signal-source internal impedance, calculate the voltage-gain ratio A,, = v,/v, for 
the cascaded amplifier of Fig. 6-24(a) if Rs = 20kQ and all other values are as given in Problem 6.24; then 
compare your result with the value of A, found in Problem 6.24. 

Ans. A, = —58.61, which represents a reduction of approximately 40 percent 
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6.48 For the amplifier of Fig. 6-32, find expressions for (a) the voltage-gain ratio A, =v,/v, and (b) the 
current-gain ratio A; =i,/i,. Assume that h,, = h,. © 0. 
Ans. (a) Ay = —hyRcRr/{(Re + RiMyje + DRe t+ hiel}s (0) Ai = —hye Ro/(Re + Ry) 


= 
Vig 


Fig. 6-32 


6.49 Find expressions for (a) Rj, and (b) R, for the amplifier of Fig. 6-32 if h,. = h,. ¥ 0. 
Ans. (a) Rin = Nie =F (hye oF 1)Rz; (d) R, = Re 


6.50 Suppose v2 is replaced with a short circuit in the differential amplifier of Fig. 3-22. Find the input 
impedance R;,; looking into the terminal across which v, appears if Rg = 20kQ, Re = 1kQ, hj = 25Q, 
hye = 100, and hye = Noe © 0. Ans. 91A1kQ 


6.51 For the Darlington-pair emitter-follower of Fig. 6-33, Myey = Ayer = Noe = Noey = 0. In terms of the (non- 
zero) h parameters, find expressions for (a) Zp; (b) the voltage gain A, = vg/v,; (0) the current gain 
A; = ieo/iin; (a) Zin; and (e) Z, (if the signal source has internal resistance Rs). 


(Ayer + \Chjez + Re 


Ans. (a) Zin = ier + yer + Dien + (her + Re: (b) Ay = 


Zin 
hp + Whoo + DR Roz! 
(oO Aa + hjea + ) fo @) Fea. 
Rp t+ Zi, Re t+ Zi, 
i = Nien [Rs Rr/(Rs + Re) + hie] 


hye + 1 (hye + I(Ayer + YD) 


Rr 


Fig. 6-33 
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71. INTRODUCTION 


Several two-port linear network models are available that allow accurate analysis of the FET for 
small drain-source voltage and small current excursions about a quiescent point (small-signal operation). 
In this chapter, all voltage and current signals are considered to be in the midfrequency range, where all 
capacitors appear as short circuits (see Section 4.6). 

There are three basic FET amplifier configurations: the common-source (CS), common-drain (CD) or 
source-follower (SF), and common-gate (CG) configurations. The CS amplifier, which provides good 
voltage amplification, is most frequently used. The CD and CG amplifiers are applied as buffer 
amplifiers (with high input impedance and near-unity voltage gain) and high-frequency amplifiers, 
respectively. 


7.2. SMALL-SIGNAL EQUIVALENT CIRCUITS FOR THE FET 


From the FET drain characteristics of Fig. 4-2(q), it is seen that if ip is taken as the dependent 
variable, then 


ip =f (ves, Ups) (7.1) 


For small excursions (ac signals) about the Q point, Aip = i,; thus, application of the chain rule to (7./) 
leads to 


1 
ig = Aip i dip = EmUgs oP ra Uds (7.2) 


ds 


200 
Copyright 2002, 1988 by The McGraw-Hill Companies, Inc. Click Here for Terms of Use. 


CHAP. 7] SMALL-SIGNAL MIDFREQUENCY FET AND TRIODE AMPLIFIERS 201 


where g,, and r,, are defined as follows: 


di Ai 
Transconductance = —! wo (7.3) 
dves|o Aveslo 
dv Av 
Source-drain resistance rg, = ES | ee (7.4) 
dip QO A Ip a) 


As long as the JFET is operated in the pinchoff region, ig = i, = 0, so that the gate acts as an open 
circuit. This, along with (7.2), leads to the current-souce equivalent circuit of Fig. 7-l(a). The voltage- 
source model of Fig. 7-1(b) is derived in Problem 7.2. Either of these models may be used in analyzing an 
amplifier, but one may be more efficient than the other in a particular circuit. 


Fig. 7-1 Small-signal models for the CS FET 


7.3. CS AMPLIFIER ANALYSIS 


A simple common-source amplifier is shown in Fig. 7-2(a); its associated small-signal equivalent 
circuit, incorporating the voltage-source model of Fig. 7-1(), is displayed in Fig. 7-2(b). Source resistor 
R, is used to set the Q point but is bypassed by C, for midfrequency operation. 


(a) CS amplifier (6) Small-signal equivalent circuit 


Fig. 7-2 


Example 7.1. In the CS amplifier of Fig. 7-2(), let Rp = 3kQ, w = 60, and rg, = 30kQ. (a) Find an expression 
for the voltage-gain ratio A, =v,/v;. (b) Evaluate A, using the given typical values. 
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(a) By voltage division, 
Rp 
-——— _ Lv, 
Rp + ds me 


Uo = 


Substitution of v,, = vj and rearrangement give 


v R 
A,=~=-— 


= = Td 
U; Rp + Tas Uv) 


(b) The given values lead to 


(60)(3 x 10°) 


A, 
r "3x 10° +30 x 10° 


= —5.45 


where the minus sign indicates a 180° phase shift between v; and v,. 


7.4. CD AMPLIFIER ANALYSIS 


A simple common-drain (or source-follower) amplifier is shown in Fig. 7-3(a); its associated small- 
signal equivalent circuit is given in Fig. 7-3(b), where the voltage-source equivalent of Fig. 7-1(b) is used 
to model the FET. 


(a) CD or SF amplifier (6) Small-signal equivalent circuit 


Fig. 7-3 


Example 7.2. In the CD amplifier of Fig. 7-3(b), let Rs = 5kQ, uw = 60, and rg, = 30kQ. (a) Find an expression 
for the voltage-gain ratio A, = v,/v;. (b) Evaluate A, using the given typical values. 


(a) By voltage division, 


= Rs Ht HRs Ved 
Rstra/ut+Dutl @ (w+ Rs tras 


Vo 


Replacement of vq by v; and rearrangement give 


Uo URs 


A= te 
uy (H+ 1)Rs +ras 


(7.6) 


(b) Substitution of the given values leads to 


(60)(5 x 103) 


= = 0.895 
= EGx 10) +G0x 10) ° 


Note that the gain is less than unity; its positive value indicates that v, and v; are in phase. 
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7.5. CG AMPLIFIER ANALYSIS 


Figure 4-28 is a simple common-gate amplifier circuit. Its small-signal equivalent circuit, incorpor- 
ating the current-source model of Fig. 7-1(a), is given in Fig. 7-4. 


G @ z 


in 7) 


Fig. 7-4 CG small-signal equivalent circuit 


Example 7.3. In the CG amplifier of Fig. 7-4, let Rp = 1kQ,g,, = 2x 10-°S, and rg, =30kQ. (a) Find an 
expression for the voltage-gain ratio A, = v,/v;. (6) Evaluate A, using the given typical values. 


(a) By KCL, i, = ig — mgs. Applying KVL around the outer loop gives 
Vo = (ig = SmVes las — Ugs 


But vy, = —v; and ig = —v,/Rp; thus, 


y= (- — + env) Vds + Uj 
Rp 


Vo (Smlas + I)Rp 


and A, = : 
U; Rp + Tas 


(7.7) 


(b) Substitution of the given values yields 


(61)(1 x 10%) 


— 5 7= 197 
1 x 10° + 30 x 10 


7.6. FET AMPLIFIER GAIN CALCULATION WITH SPICE 


SPICE models of the JEET and MOSFET (introduced in Chapter 4) provide the terminal char- 
acteristic of the devices; thus, an amplifier can be properly biased and a time-varying input signal directly 
applied to the completely modeled amplifier circuit. Such a simulation is the analytical equivalent of 
laboratory amplifier circuit operation. Any desired signal can be measured directly in the time domain 
to form signal ratios that yield current and voltage gains. Any signal distortion that may result from 
device nonlinearity is readily apparent from inspection of the signal time plots. 


Example 7.4. For the JFET amplifier of Fig. 7-5, Vpp = 15V, R, = 100kQ, R, = 600kQ, Rp = 5kQ, 
Rs = 2.5kQ, Rp = 3kQ, and Ce, = Ce) = Cs = 100 uF. The n-channel JFET has the parameter values of Exam- 
ple 4-1. If vs = 0.25 sin(2x x 10*2) V and 7; is negligible, use SPICE methods to determine the voltage gain of the 
amplifier circuit. 
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© ¢+ Vp 


The following netlist code describes the circuit: 


Ex7_4.CIR 

vs 10SIN(0V0.25V 10kHz) 

VDD 50DC 15V 

CC112 100uf 

CCc2 3 6 100uF 

cs 40 100uF 

R1 2 0100kohm 

R2 5 2 600kohm 

RD 5 3 5kohm 

RS 402.5kohm 

RL 6 0 3kohm 

J324NJFET 

- MODEL NJFET NJF (Vto=-4V Beta=0.005ApVsq 
+ Rd=lohm Rs=lohm CGS=2pF CGD=2pF) 
- TRAN lus 0.1ms 

- PROBE 

.- END 


Execute (Ex7_4.CIR) and use the Probe and FFT features of PSpice to plot the input voltage v; and output voltage 
vu, waveforms and their Fourier spectra as displayed by Fig. 7-6. The voltage gain is found as the ratio of the 
marked spectra fundamental components of Fig. 7-6. 


The negative sign indicates the 180° phase difference between v; and v, as noted by inspection of the instantaneous 
waveforms. 


The capabilities of SPICE are also suited to FET amplifier analysis using the small-signal equivalent 
circuit of the types shown by Figs. 7-1 through 7-4. Use of the voltage-controlled voltage source 
(VCVS) and the voltage-controlled current source (VCCS) of Section 1.3 finds obvious application in 
the small-signal equivalent circuit analysis. 


Example 7.5. Rework Example 7.1 using SPICE methods. For purposes of computation, let 
v; = 0.25 sin(2x x 1041) V. 
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(0.250 V) 


a V(1) ¢° V(6) ov 


(0.250 V) . 
(-1.363 V) 
T © & + 

100 KHz 200 KHz -2.0 V4+-------------- poceccse cn cenee | 
o V(1) o V(6) Os 50 us 100 us 

Frequency a V(1) ¢ V(3) 

Time 
Fig. 7-6 Fig. 7-7 


The following netlist code describes the circuit: 


EX7_5.CIR 

vi 10SIN(OV 0.25V 10kHz) 
RG 10 100kohm 

E 02 (1,0) 60 


rds 2 3 30kohm 
RD 30 3kohm 

- TRAN lus 0.1ms 
.- PROBE 

- END 


Execute (Ex7_5.CIR) and use the Probe feature of PSpice to plot the instantaneous waveforms of v; and v, as shown 
in Fig. 7-7. The gain is found as the ratio of the marked peak values with the 180° phase shift accounted for by the 
negative sign. 


Uo 


1.363 
Bo ene 


7.7. GRAPHICAL AND EQUIVALENT CIRCUIT ANALYSIS OF TRIODE AMPLIFIERS 
The application of a time-varying signal vs to the triode amplifier circuit of Fig. 4-14 results in a grid 
voltage with a time-varying component, 
ug = Veo tv, 
It is usual practice to ensure that vg < 0 by proper selection of the combination of bias and signal. Then 


ig = 0, and the operating point must move along the dc load line from the Q point in accordance with 
the variation of vg, giving instantaneous values of vp and ip that simultaneously satisfy (4.8) and (4./7). 


Example 7.6. The triode amplifier of Fig. 4-14 has Vgg, Vpp, Rg, and R;, as given in Example 4.7. If the plate 
characteristics of the triode are given by Fig. 7-8 and vs = 2sinat V, graphically find vp and ip. 
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ip, mA f=: 


30 fe 


47 ——— 


0 100 t 1200 1 300 Up, V 
I 


Fig. 7-8 


The dec load line, with the same intercepts as in Example 4.7, is superimposed on the characteristics of Fig. 
7-8; however, because the plate characteristics are different from those of Example 4.7, the quiescent values are 
now Jpg = 11.3mA and Vpg = 186V. Then a time axis on which to plot vg = —4+2sinatV is constructed 
perpendicular to the de load line at the Q point. Time axes for ip and vp are also constructed as shown, and 
values of ip and vp corresponding to particular values of ug(f) are found by projecting through the dc load line, 
for one cycle of vg. The result, in Fig. 7-8, shows that vp varies from 152 to 218 V and ip ranges from 8.1 to 
14.7mA. 


The following treatment echoes that of Section 6.2 For the usual case of negligible grid current, 
(4.7) degenerates to ig = 0 and the grid acts as an open circuit. For small excursions (ac signals) about 
the Q point, Aip = i, and an application of the chain rule to (4.8) leads to 


1 
lp = Alp © dip = rl Up + &mVg (7.8) 
Dp 


where we have defined 
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on A 
Plate resistance ry = hes os ae (7.9) 
dip |g = Alp |g 
di Ai 
Transconductance 8m = P| we (7.10) 
dug v0) AvG (a) 


Under the condition ig = 0, (7.8) is simulated by the current-source equivalent circuit of Fig 7-9(a). 


The frequently used voltage-source model of Fig. 7-9(b) is developed in Problem 7.19. 


71 


7.2 


Fig. 7-9 Triode small-signal equivalent circuits 


Solved Problems 


(a) For the JFET amplifier of Example 4.2, use the drain characteristics of Fig. 4-6 to determine 
the small-signal equivalent-circuit constants g,, and rg,. (b) Alternatively, evaluate g,, from the 
transfer characteristic. 


(a) Let vg, change by +1 V about the Q point of Fig. 4-6(5); then, by (7.3), 


_ (3.3—0.3) x 107 
p 2 


= 1.5mS 


At the Q point of Fig. 4-6(b), while vps changes from 5 V to 20 V, ip changes from 1.4mA to 1.6mA; 
thus, by (7.4), 


20 —5 
o (16-14) x 103 


_  Avps 
Vas ~ Ai 
Ip 


75 kQ 


(b) At the Q point of Fig. 4-6(a), while ip changes from 1mA to 2mA, vgs changes from —2.4V to 
—1.75V; by (7.3), 


_ @-)x10° 


= 1.54mS 
slo —1.75—(-24) 


Derive the small-signal voltage-source model of Fig. 7-1(b) from the current source model of Fig. 
7-1\(a). 


We find the Thévenin equivalent for the network to the left of the output terminals of Fig.7-1(a). If all 
independent sources are deactivated, v,, = 0; thus, g,,Vg; = 0, so that the dependent source also is deacti- 
vated (open circuit for a current source), and the Thévenin resistance is R7, = rg;. The open-circuit voltage 
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appearing at the output terminals is uz, = vgs = —BinVgs!'as = —MVgs, Where we have defined a new equiva- 
lent-circuit constant, 


Amplification factor M = Spl ds 


Proper series arrangement of v7, and Rz;, leads to Fig. 7-1(d). 


In the drain-feedback-biased amplifier of Fig. 4-9(a), Re = 5MQ, R; = 14kQ,rg, = 40kQ, and 
Sm = imS. Find (a A, =v¢;/v;, (6) Zin, (0) Z, looking back through the drain-source 
terminals, and (d) A; = i;/iz. 


(a) The voltage-source small-signal equivalent circuit is given in Fig. 7-10. With vg, as a node voltage, 
Uj — Uds _ Vds , Vds + BY; 
T 
Rr R Vas 


Fig. 7-10 


Substituting for w = g,,rg, and rearranging yield 


fen Rrra — Rr&m) 
"u;  Reras + Reras + RR 
(14 x 10°)(40 x 10°)[1 — (5 x 10°) x 1079] 
~ (5 x 106)(40 x 103) + (14 x 103)(40 x 103) + (14 x 103)(5 x 10°) 


10.35 


(b) KVL around the outer loop of Fig. 7-10 gives v; = i;Re + Ug = Re + A,v;, from which 


uy Re 5x 10° 
i; 1A, 1—(=10.35) 


= 440kQ 


(c) The driving-point impedance Z, is found after deactivating the independent source v;. With v; = 0, 
[Ug = Lv; = 0 and 


raRe (40 x 10°)(5000 x 10°) 


Z,= = 3 = 39.68kQ 
Vay t Re 5040 x 10: 
« Z _ 3 3 
(a) aut Ugs/Ry — A,Zin _ (—10.35)(440 x 10°) _ aes 
i; v;/Zin R, 14x 103 


For the JFET amplifier of Fig. 7-5, g, =2mS, rg, = 30kQ, Rs = 3kQ, Rp = Rp = 2kQ, 
R, = 200kQ, Rp = 800kQ, andr; =5kQ. If Cc and Cy are large and the amplifier is biased 
in the pinchoff region, find (a) Z,, (b) A, =v,/v;, and (c) A; = i,/ij. 
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(a) The current-source small-signal equivalent circuit is drawn in Fig. 7-11. Since the gate draws negligible 
current, 


R,Ry _ (200 x 10°)(800 x 10°) 


= 160kQ 
A R, + Ry 1000 x 103 


(b) By voltage division at the input loop, 


Rg 160 x 10° 
= y= = 0.970; i 
s-F4n ee “) 


The dependent current source drives into R,,, where 


1 1,11 1 1 1 1 


1 


T T + = S 
Ry ta Rp Rr, 30x10 2x10?’ 2x10? 967.74 


and so UL = —SmesRep (2) 


Eliminating v,, between (/) and (2) yields 


Ay == = 0.91(=8n Rep) = —(0.97)(2 x 1073)(967.74) = = 1.88 
Vv. 


i 


©) 4 wie eR A(Rg +1) _ (=1.88)(165 x 10°) _ 


—155.1 
i;  uf(Rg +r; R, 2x 103 


7.5 Show that a small-signal equivalent circuit for the common-drain FET amplifier of Fig. 4-15 is 
given by Fig. 7-12(d). 


The voltage-source model of Fig. 7-1(4) has been inserted in the ac equivalent of Fig. 4-15, and the result 
redrawn to give the circuit of Fig. 7-12(a), where Rg is determined as in Problem 4.6. Voltage vga, which is 


(a) (b) 
Fig. 7-12 
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more easily determined than v,,, has been labeled. With terminals a, b opened in Fig. 7-12(a), KVL around 


gs? 
the S, G, D loop yields 


Ugd 
Veo = 
gs wet 1 
Then the Thévenin voltage at the open-circuited terminals a, b is 
i 
Vv = 1). = ——_———= '0,, 1 
Th LMUgs LL +1 gd ( ) 
The Thévenin impedance is found as the driving-point impedance to the left through a, b (with v; 
deactivated or shorted), as seen by a source v,, driving current i, into terminal a. Since vy, = —vqp, 
KVL around the output loop of Fig. 7-12(a) gives 
Vab = LUgs + igh ds = —MVap + talas 
F Uv r 
from which Rp = @ = * (2) 
i, etl 


Expressions (/) and (2) lead directly to the circuit of Fig. 7-12(6). 


7.6 Figure 7-13(a) is a small-signal equivalent circuit (voltage-source model) of a common-gate JFET 
amplifier. Use the circuit to verify two rules of impedance and voltage reflection for FET 
amplifiers: 


(a) Voltages and impedances in the drain circuit are reflected to the source circuit divided by 
w+. [Verify this rule by finding the Thévenin equivalent for the circuit to the right of a, a’ 
in Fig. 7-13(a) and showing that Fig. 7-13(d) results.] 


(b) Voltages and impedances in the source circuit are reflected to the drain circuit multiplied by 
ut. [Verify this rule by finding the Thévenin equivalent for the circuit to the left of b, b’ 
in Fig. 7-13(a) and showing that Fig. 7-13(c) results.] 


(a) 


Rs «te util 
4 
Rp 
Y; rea (w+ ly; 
(b) 
Fig. 7-13 


(a) With a, a’ open, iy = 0; hence, v,, = 0 and v7, =0. After a driving-point source v,4 is connected to 
terminals a, a’ to drive current i, into terminal a, KVL gives 


Vaa' = LU gs F ig(Nas oF Rp) (1) 
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77 


But vgs = —Vqq', Which can be substituted into (/) to give 
Vaa' lds Rp 
Rm =— (2) 
ig wt stl 


With v7, = 0, insertion of Ry, in place of the network to the right of a, a’ in Fig. 7-13(a) leads directly 
to Fig. 7-13(). 


(b) Applying KVL to the left of b, b’ in Fig. 7-13(a) with b, b’ open, while noting that v; = —v,,, yields 
UTh = Vi — MUgs = (u + lu; (3) 


Deactivating (shorting) v;, connecting a driving-point source v,, to terminals 5, b’ to drive current i, 
into terminal 4, noting that v,, = —i,Rs, and applying KVL around the outer loop of Fig. 7-13(a) yield 


Upp! = ipn(Tas + Rs) — bys = iplras + (U+ YD Rs] (4) 


The Theévenin impedance follows from (4) as 


Ubb’ 
Ry == ta + (ut DRs (5) 
b 
When the Thévenin source of (3) and impedance of (5) are used to replace the network to the left of 
b, b’, the circuit of Fig. 7-13(c) results. 


Suppose capacitor Cy, is removed from the circuit of Problem 7.4 (Fig. 7-5), and all else remains 
unchanged. Find (a) the voltage-gain ratio A, = v,/v;,_ (b) the current-gain ratio 4; = i,/ij, 
and (c) the output impedance R, looking to the left through the output port with R,; removed. 


(a) The voltage-source small-signal equivalent circuit is given in Fig. 7-14 (the current-source model was 
utilized in Problem 7.4). Voltage division and KVL give 


- uj; — 1aRs () 


Fig. 7-14 
But by Ohm’s law, 
‘ LU gs 
ig = = 2 
Oras + Rs + Rol Rr o 
Substituting (2) into (/) and solving for v,, yield 
— Ro(ras + Rs + Roll RL)v; (3) 
8 (Rg + rilras + (H+ DRs + Rol Rr) 
Now voltage division gives 
Roll Ri 
UL = v, 4 
bye Res Role? a 
and substitution of (3) into (4) and rearrangement give 
—URGRpR 
A LING RDAL (5) 


ov, (Re Fr(Rp + Roras + + DRsl + RoRD 
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With ww = gy,Ng, and the given values, (5) becomes 
—(2 x 1073)(30 x 10°)(160)(2)(2) 
° (160 + 5){(2 + 2)[30 + (60 + 1)3] + (2)(2)} 

(b) The current gain is found as 
ip uy /Rr A (Rg +1) _ (—0.272)(160 + 5) 
i u;)/(Re +1) R, 2 
(c) R, is disconnected, and a driving-point source is added such that vy, = v,. With v; deactivated (short- 

circuited), vz, = 0 and 


0.272 


—22.4 


A;= 


Rp(tas+ Rs) — (2 x 10°)(30 x 10° +3 x 103) 
Rpt+ratRs 2x 10°+30x 10°+3 x 103 


Note that when Rs is not bypassed, the voltage- and current-gain ratios are significantly reduced. 


R, = Ro|las t Rs) = = 1.89kQ 


7.8 Use SPICE methods to determine the voltage gain for the CG amplifier of Example 7.3. Let 
Rs = 2kQ and v; = 0.25 sin(2x x 10°) V for computational purposes. 


The netlist code that follows describes the circuit: 


Prb7/..8. CIR 

vi 1OSIN(0OV0.25V 1kHz) 
RS 10 2kohm 

RD 20 1kohm 

rds 12 30kohm 


G 12 (1,0) 2e-3 
. TRAN lus lms 

. PROBE 

. END 


Execute (Prb7_8.CIR) and use the Probe feature of PSpice to give the resulting waveforms for v; and vu, 
shown by Fig. 7-15. The voltage gain is found as the ratio of the marked peak values. 


Os 0.5 ms 1.0 ms 
o V(1l) o V(2) 
Time 


Fig. 7-15 
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7.9 


7.10 


Find a small-signal equivalent circuit for the two parallel-connected JFETs of Fig. 7-16 if the 
devices are not identical. 


Vop 


Fig. 7-16 


By KCL, 
ip = ip, + ipo (1) 


Since the parallel connection assures that the gate-source and drain-source voltages are the same for both 
devices, (/) can be written as 


in =fi(ves. Uns) + foes; Ups) (2) 


Application of the chain rule to (2) yields 


: : : 1 1 
ig = Aip © dip = (Smt + &m2)Vgs + (— + : ee (3) 
Fast Vds2 
dip} dip dUps dUps 
where Sm = §m2 = Yasl => ‘go> > 
dvugs fa) duGs fe) dip) QO dip fe) 


Equation (3) is satisfied by the current-source circuit of Fig. 7-1(a) if gy, = {m1 + no and ras = asi lla. 


In the circuit of Fig. 7-16, Rs = 3kQ, Rp = Rp =2kQ,7r; = 5kQ, and Rg = 100kQ. Assume 
that the two JFETs are identical with rz, = 25kQ and g,, = 0.0025S. Find (a) the voltage-gain 
ratio A, = v,/v;, (b) the current-gain ratio A; = i,/i;, and (c) the output impedance R,. 


(a) The small-signal equivalent circuit is given in Fig. 7-17, which includes the model for two parallel 
JFETs as determined in Problem 7.9. By voltage division, 


ui : d 28 nV gs 


Fig. 7-17 
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Rg 100 
Ugs ae % =T90 75 vu; = 0.9520; (J) 
Now let 
taRpR 25)(2)(2) x 10° 
Req = }rallRolRe = caine eae = 962.2 2) 


2RiRp+ra(Rit+ Rp) — (2)(2)(2) + (25)(2 + 2) 
Then, by Ohm’s law, vz = —28,0g,Req; with (/) and (2), this gives 


UL Re 
28m A 
U; Rg + Vi 


A, Reg = —2(0.0025)(0.952)(962) = —4.58 


(b) The current-gain ratio is 


ip vL/ Ry A,(Rg +1) _ (—4.58)(100 + 5) 740.4 
i; uj/(Re +r) R, - 2 7 


4;= 
(c) We replace R; with a driving-point source oriented such that vg, = vz. With v; deactivated (short- 
circuited), vz; = 0; thus, 


Roras (2)(25) x 10° 
2Rp tras (2)(2) + 25 


R, = RollGras) = = 1.72kQ 


Move capacitor Cy from its parallel connection across Rs» to a position across Rs, in Fig. 4-33. 
Let Rg = 1MQ, Rs, = 800 Q, Rsy = 1.2kQ, and R; =1kQ. The JFET is characterized by 
Lm = 90.0028 and rg, = 30kQ. Find (a) the voltage-gain ratio A, = v,/v;,  (b) the current- 
gain ratio A; =i,/i;, (c) the input impedance R;,, and (d) the output impedance R,. 


(a) The equivalent circuit (with current-source JFET model) is given in Fig. 7-18. By KVL, 


Ugs = Uj — UL () 


Fig. 7-18 


Using v; and uv, as node voltages, we have 


— 2 
ia (2) 
Now let Pe + : + —_ ; + ; oe — 
Re ta Ro RK, 30x10 12x18 1x10) 536 
By KCL and Ohm’s law, 
i (i te BmnV_s) Reg (3) 


Substitution of (7) and (2) into (3) and rearrangement lead to 


A ate = BmRGFWReg [(0.002)(1 x 10°) + 1](536) ei 
"a; Rg +(BmRG+ Req 1 x 10° + [(0.002)(1 x 10°) + 1](536) 
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7.13 


(b) The current-gain ratio follows from part a as 


‘ 6 
gata RL _ ARG __O5IDAX 109) _ gay g 
i; (vj —v¥p/Rg U—A,)R, (1—0.517( x 103) 


UT UL ui — A,) 


(c) From (2), i; Re Ro 


(4) 
Ri, is found directly from (4) as 


v, Re 1 x 10° 
i; 1—A, 1—0.517 


Rin = = 2.07MQ 


(d) We remove R,; and connect a driving-point source oriented such that vg = v,. With v; deactivated 
(shorted), vg, = —vg. Then, by KCL, 


; 1 1 1 1 1 1 
Vv | | Vv, Vv | | | 
OB EN Bee ig. Re ak Rs | ta RG Bim 
Vdp 1 1 


and Raves = i i = 348.72 


Saae eee 0.002 
Ree Re TRO BO RIO 1108 


Use the small-signal equivalent circuit to predict the peak values of i, and vg, in Example 4.3. 
Compare your results with that of Example 4.3, and comment on any differences. 


The values of g,, and rg, for operation near the Q point of Fig. 4-6 were determined in Problem 7.1. We 
may use the current-source model of Fig. 7-1(a) to form the equivalent circuit of Fig. 4-5. In that circuit, 
with v,, = sint V, Ohm’s law requires that 


=SmlasRpves — —(1.5 x 10™)(75 x 10°)(3 x 10° vg, 


—— NW Ry) = = —4,33 
Vas SmVesasll Dp) Tas +Rp 715 x 103 43x 103 Ugs 
Thus, Vasm = 4.33 V gsm = 4.33(1) = 4.33 V 
Also, from Fig. 7-1(a), 
ig = Em gs + ns 
V Sm i 1 
so Lam = &mVesm + a = (1.5 x 1073)\(1) + aor = 1513 mA 


The +1-V excursion of v,, leads to operation over a large portion of the nonlinear drain characteristics. 
Consequently, the small-signal equivalent circuit predicts greater positive peaks and smaller negative peaks 
of iz and v,, than the graphical solution of Example 4.3, which inherently accounts for the nonlinearities. 


For the JFET drain characteristics of Fig. 4-2(a), take ups as the dependent variable [so that 
Ups =f (Gs, ip)] and derive the voltage-source small-signal model. 


For small variations about a Q point, the chain rule gives 


dvps dvps| . 
Vas = Avps oe dvps =35.__| Uss . Iq (1) 
dvGs QO dip QO 
Now we may define 
a a 
SDB lL and UDS =r 
dUGSs ta) dip (0) 


If the JFET operates in the pinchoff region, then gate current is negligible and (/) is satisfied by the 
equivalent circuit of Fig. 7-1(b). 
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Find a current-source small-signal equivalent circuit for the CD FET amplifier. 


[CHAP. 7 


Norton’s theorem can be applied to the voltage-source model of Fig. 7-12(b). The open-circuit voltage 


at terminals S, D (with Rs removed) is 


The short-circuit current at terminals S, D is 


aos; 
etl @ 
Tas/(u ot 1) Yds 


Isc Ugd = EmU gd 


The Norton impedance is found as the ratio of (/) to (2): 


eae 
Yoo __ +I ad UL 


Ry =; = 
e Isc EmV gd (u 2 gn 


The equivalent circuit is given in Fig. 7-19. Usually, >> 1 and, thus, Ry © 1/g,,. 


WY) 


(2) 


Replace the JFET of Fig. 7-5 with the n-channel MOSFET that has the parameters of Example 
4.4 except Vto=—4V. Let R, = 200kQ, Ry = 600kQ, Rp = Rg =2kQ, Rp = 3kQ, 
Cor = Coo = Cs = 100 uF, and Vpp = 15V. Assume vs = 0.250 sin(2z x 10*#) V for computa- 


tion purposes and determine the voltage gain of this amplifier circuit using SPICE methods. 


The netlist code below describes the MOSFET amplifier circuit: 


Prb7_15.CIR 
vs 10SIN(0OV0.25V 10kHz) 
VDD 50DC 15V 
CC112 100uF 
CC2 3 6 100uF 
CS 40 100uF 
Rl 20 200kohm 
R2 5 2 600kohm 
RD 53 2kohm 
RS 40 2kohm 
RL 60 3kohm 
M3 244NMOSG 


. MODEL NMOSG NMOS (Vto=-4V Kp=0.0008ApVsq 


+ Rd=lohm Rg=1kohm) 
- TRAN lus 0.1ms 

- PROBE 

- END 


Execute (Prb7_15.CIR) and use the Probe and FFT features of PSpice to plot the instantaneous waveforms 
of vg and v, along with their Fourier spectra as shown by Fig. 7-20. The voltage gain follows from ratio of 
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7.16 


0 Hz 100 KHz 200 KHz 
oa v(l) o V(6) 
Frequency 
Fig. 7-20 


the marked spectra magnitudes with the negative sign accounting for the 180° phase shift observed from 
inspection of the instantaneous waveforms. 


In the cascaded MOSFET amplifier of Fig. 7-21, Ce > oo. Find (a) the voltage-gain ratio 
A, =v,/v; and (b) the current-gain ratio A; = i,/ij. 


7 
Vpp 
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(a) The small-signal equivalent circuit is given in Fig. 7-22. Using the result of Example 7.1, but replacing 
Rp with Rp; || Rg. where Rg = Ro) ||Rx, we have 


—8miTdst( Rp || Rez) (1) 


AGS 
rat + (Roi Reo) 


ee —e orio(R R 
Similarly, Ay _ 8m! ds D2 ll L) (2) 
rasa + (RopallRz) 

‘as\Vds2(Rp1 || Re2)( Roll R 
Then A, = Ay Av = Sm Sm2" asi Vas2 DI I ove ‘D2 II L) (3) 


[rast + (Roi ll Reo) I[ras2 + (Roel Rv) 


(b) Realizing that Rg; = Ry;|| Rj, we have 


where A,, is given by (3). 


7.17 For the JFET-BJT Darlington amplifier of Fig. 7-23(a), find (a) the voltage-gain ratio A, = v,/v; 
and (b) the output impedance R,. Assume h,, =h,. =0 and that Rg > Ry, Ro. 


ie 
V DD 


(a) (b) 
Fig. 7-23 


(a) The small-signal equivalent circuit is given in Fig. 7-23(b), where the CD model of the JFET (see 
Problem 7.5) has been used. Since i, = iy and vgq = v;, KVL yields 


lL . Vas . 
i = I, + hie ) + (Ay + l)ig(R; + R 1 
rah (“4 ) (hy Jig(R, 9) (1) 
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7.19 


7.20 


By Ohm’s law, 
Ve = hye + Vig(Ri + Ro) (2) 
Solving (/) for iz, substituting the result into (2), and rearranging give 


Ve M(hy + ICR, + Ro) 
Y%; Tas + (H+ Dlhic + (hye + (Ri + Ro)] 


A, = 


(b) We replace R, + Ry with a driving-point source oriented such that vg, = v.. With v; deactivated (short 
circuited), vgqg = 0. Then, by Ohm’s law, 
Vdp 
Nie oE Vas/(u aE 1) 


ip = (3) 
and by KCL, 

lap = —(hy oe li, (4) 
Substituting (3) into (4) and rearranging give 


Vdp Vas = (wu + hie 
ip (H+ De +1) 


Ro = 


For a triode with plate characteristics given by Fig. 7-8, find (a) the perveance x and (bd) the 
amplification factor pw. 


(a) The perveance can be evaluated at any point on the vg = 0 curve. Choosing the point with coordinates 
ip = 15mA and vp = 100 V, we have, from (4.9), 


ip _ 15x 107° 
vi? 1003/2 


= 15pA/V*? 


(b) The amplification factor is most easily evaluated along the vp axis. From (4.9), for the point ip = 0, 
up = 100 V, ug = —4V, we obtain 


Use the current-source small-signal triode model of Fig. 7-9(a) to derive the voltage-source model 
of Fig. 7-9(b). 


We need to find the Thévenin equivalent for the circuit to the left of the output terminals in Fig. 7-9(a). 
If the independent source is deactivated, then vz = 0; thus, g,,vg = 0, and the dependent current source acts 
as an open circuit. The Thévenin resistance is then Ry, =1r,. The open-circuit voltage appearing at the 
output terminals is 


UTh = —EmUgl'p = Mv, 


where ft = 8,1’ is the amplification factor. Proper series arrangement of v7, and Ry gives the circuit of Fig. 
7-9(b). 


For the amplifier of Example 7.6, (a) use (7.9) to evaluate the plate resistance and (b) use 
(7.10) to find the transconductance. 


A 218 — 152 

(a) rp ——P = == 10k2 
Aip |,,--4 (14.7 — 8.1) x 107 
Aip (14.7—8.1) x 107 

(b) Sm © = = 1.65mS 
AVG |yp=186 —2 —(—6) 
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7.21 Find an expression for the voltage gain A,, = v,/v, of the basic triode amplifier of Fig. 4-12, using 
an ac equivalent circuit. 


The equivalent circuit of Fig. 7-9(b) is applicable if R; is connected from P to K. Then, by voltage 
division in the plate circuit, 
R, Up = —wR, 


v, = —pv so A= = 
e Retis Hee) "ug Re +8, 


7.22 In the amplifier of Problem 4.27, let vs =2coswtV. (a) Draw the ac load line on Fig. 4-31. 
(b) Graphically determine the voltage gain. (c) Calculate the voltage gain using small-signal 
analysis. 

(a) Ifcapacitor Cx appears as a short circuit to ac signals, then application of KVL around the plate circuit 
of Fig. 4-30 gives, as the equation of the ac load line, Vpp + Vgg = ipR, + vp. Thus, the ac load line has 
vertical and horizontal intercepts 
Vpp + Voo 300 — 4 
Ri 116x103 


25.5mA and Vpp+Veo =296V 


as shown on Fig. 4-31. 


(b) We have vg = vg; thus, as vg swings +2 V along the ac load line from the Q point in Fig. 4-31, v, swings 


a total of SV = 213 — 145=68V as shown. The voltage gain is then 


Vm 68 
re 


A, = 17 


where the minus sign is included to account for the phase reversal between v, and vg. 
(c) Applying (7.9) and (7.10) at the Q point of Fig. 4-31 yields 


A 202 — 168 
pgeEPe|! . see — = 4.86k2 
Aip |,,--4 (15—8) x 10 
Ai 15.5— 6.5) x 107 
toe x pe SASS 
AVG |y,=180 —3—(—S) 
Then, 4 = 81) = 21.87, and Problem 7.21, yields 
wR, (21.87)(11.6 x 10°) _ 


—15.41 


A, 
"RL +r (11.6 + 4.86) x 10° 


7.23 The input admittance to a triode modeled by the small-signal equivalent circuit of Fig. 7-9(d) is 
obviously zero; however, there are interelectrode capacitances that must be considered for high- 
frequency operation. Add these interelectrode capacitances (grid-cathode capacitance C,,; plate- 
grid, C,,; and plate-cathode, C,;,) to the small-signal equivalent circuit of Fig. 7-9(6). Then 
(a) find the input admittance Y;,, (5) find the output admittance Y,, and (c) develop a high- 
frequency model for the triode. 


(a) With the interelectrode capacitances in position, the small-signal equivalent circuit is given by Fig. 7-24. 
The input admittance is 


ee ee ie (/) 
Vs Vs 
Vs 
But h=——=sC,,V. 2 
u 1 T/sCex SCoKV 5 (2) 
Vs—V, 
and I= 5 _* = sC,,(Vs — Vo) (3) 
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in oO 


Fig. 7-24 


Substituting (2) and (3) into (/) and rearranging give 


V, 
Yin = [ea + (1 _ 2) Cre| (4) 
g Vs 8 


Now, from the result of Problem 7.21, 


V, R 
f= (5) 
Vs Ry +? lp 
so (4) becomes 
HR, 
Yin = [ea + (1 + Re ;) | (6) 
(b) The output admittance is 
I I, -—1, — Ix, 
Y, L 2 Pp pk (7) 
V, Ve 
and Tok = SCoK Ve (8) 
Let Y; be the output admittance that would exist if the capacitances were negligible; then 
I, = Y,V, (9) 
Rr +r, 
so that 0 A(t qe t) Cyg + Cn +Y; (0) 
HR, 


(c) From (6) and (/0) we see that high-frequency triode operation can be modeled by Fig. 7-9(b) with a 
capacitor Cin = Cox +[1 + Rr /(Rzi +1p)|Cpg connected from the grid to the cathode, and a capacitor 
Co = [1 + (Rr + rp)/MRr]Cog + Cx connected from the plate to the cathode. 


Supplementary Problems 


7.24 Find the input impedance as seen by the source v; of Example 4.2 if Ce is large. Ans. 940kQ 


7.25 Show that the transconductance of a JFET varies as the square root of the drain current. 


Ans. §&m = (QV Ipss/ Vio) ip 
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In the amplifier of Fig. 4-15, Ry = 20kQ, R, = 100kQ, R3 = 1 MQ, rg, = 30kQ, w = 150 (see Problem 7.2), 
and Rs =1kQ. Find (a) A,=v,/v;,. (b) A; =ig/ij, and (c) Zo. 
Ans. (a) 0.829; (b) 843; (c) 198.7 


Find the voltage gain of the CG amplifier of Fig. 7-13(a). 
Ans. Ay = 06/0; = (H+ I Rp/[Rp + ras + (H+ DRS] 


Find the voltage gain A,. = v/v; for the circuit of Fig. 7-25(a). Figure 7-25(5) is a small-signal equivalent 
circuit in which impedance reflection has been used for simplification. 
Ans. Ay = —HRp/[Rp + Vas + (u + 1)Rs] 


Let R;; = Ry» — oo for the amplifier of Fig. 7-25(a). If Rp = Rg, the circuit is commonly called a phase 
splitter, since v. = —v, (the outputs are equal in magnitude but 180° out of phase). Find A,, = v;/v; and, by 
comparison with A, of Problem 7.28, verify that the circuit actually is a phase splitter. 

Ans. Ay, = LRs/[Rp + Vas + (u F 1)Rs] 


For the circuit of Fig. 7-25(a), model the MOSFET by NMOSG of Example 4.4 except use Vto = —4V. Let 
Veg = —-2V, Vpop = SV, Rp = Rs = 1.5kQ, Rp, = Ry = 10kQ, and Ce; = Cop = 100 uF. Use SPICE 


analysis to show that v; = —v>, thus substantiating the claim of Problem 7.29 that the circuit is a phase 
splitter. (Netlist code available from author website.) 

® t+ pp 

Rp 


G D (#+DRsr sages! 


Fig. 7-25 


For the amplifier circuit of Example 7.4, reduce the value of the bypass capacitor Cs to 0.01 uF so that Rs 
no longer appears shorted to ac signals and assess the impact on voltage gain. (Netlist code available from 
author website.) Ans. A, = 1.222 — 139° 


The series-connected JFETs of Fig. 4-23 are identical, with «= 70,rg, = 30kQ, Rg = 100kQ, and 
Rp = R, =4kQ. Find (a) the voltage-gain ratio A, = v,/v;, (6) the current-gain ratio A; = i,/i,, 
and (c) the output impedance R,. Ans. (a) A, = —9.32; (6) Aj; = —233; (c) R, = 2.16MQ 


The JFET amplifier of Fig. 4-33 has Rg = 1 MQ, Rs, = 800 Q, Rsy = 1.2kQ, and R;, =1kQ. The JFET 
obeys (4.2) and is characterized by Ipss = 10mA, Vig = 4 V, Veso = —2 V, and « = 60. Determine (a) g,, 
by use of (7.3), (6) rg, and (c) the voltage-gain ratio A, = v,/v;. 

Ans. (a) 2.5mS; (6) 24kQ;  (c) 0.52 
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For the JFET amplifier of Fig. 4-20, find expressions for (a) the voltage-gain ratio A,,; = V,/Vg and 
(b) the voltage-gain ratio 4,7 = V,/Vg. 
Ans. (a) Ay = BRs/[(e+ DRs + Ro tras (6) Aw = —hRp/[e + IRs + Ro + Fas] 


Frequently, in integrated circuits, the gate of a FET is connected to the drain; then the drain-to-source 
terminals are considered the terminals of a resistor. Starting with (7.2), show that if ~ >> 1, then the small- 
signal equivalent circuit is no more than a resistor of value 1/g,,. 


For the CS amplifier of Fig. 7-2(b), find (a) the input impedance R;, and (b) the output impedance R,. 
Ans. (a) Rin = Rg; (b) R, = Vds 


For the CD amplifier of Fig. 7-3(b), find (a) the input impedance R;, and (5) the output impedance R,. 
Ans. (a) Rin = Re; (d) R, = Tas/(u na 1) 


For the CG amplifier of Fig. 7-4, find (a) the input impedance R;,, and (b) the output impedance R,. 
Ans. (a) Rin = Rs(Rp + 1as)/Me + Rs + Ro tras (6) Ro = ras 


In the circuit of Fig. 7-26, the two FETs are identical. Find (a) the voltage-gain ratio A, = v,/v; and 
(b) the output impedance R,. 
Ans. (a) Ay = WR N2Re+AH+YR+ alk (6) Ro =F + VR+ Fas] 


Vop Vp 


Fig. 7-27 


For the cascaded MOSFET amplifier of Fig. 7-21 with equivalent circuit in Fig. 7-22, find (a) the input 
impedance R;, and (b) the output impedance R,. 
Ans. (a) Rin = Ry Ria/(Rir + Riz); (6) Ro = Vasa Ro2/ ("asa + Ror) 


In the cascaded FET-BJT circuit of Fig. 7-27, assume h,, =h,. = 0 and hj « Rp. Find expressions for 
(a) Ay = Voi /Vj and (b) Ay = Vo2/V;- 
Ans. (a) Ay = Why + I)Rs/(u + De + Rs + Nie + ras]; 

(b) Ay = [ehpeRe + hye + DRsl/e + Dye + DRs + hie + ras] 


Suppose the amplifier of Problem 4.25 has plate resistance r, = 20kQ and vg =I1coswtV. Find its 


amplification factor yz using the small-signal voltage-source model of Fig. 7-9(5). Ans. 30 
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Suppose the bypass capacitor Cx is removed from the amplifier of Fig. 4-30. Find (a) an expression for 
the voltage gain and (bd) the percentage deviation of the voltage gain from the result of Problem 7.22. 
Ans. A, = —pR,/[Rr +1, +(u + IR,J; (b) 35.7% decrease 


Two triodes are parallel-connected plate to plate, grid to grid, and cathode to cathode. Find the equivalent 
amplification factor z,, and plate resistance r,., for the combination. 
Ans. Keg = (Llp2 =P Hat p)/(p1 + pz) leq = lpip2/ (pr te Tp2) 


The circuit of Fig. 7-28 is a cathode follower, so called because v, is in phase with vs and nearly equal to it in 
magnitude. Find a voltage-source equivalent circuit of the form of Fig. 7-9(b) that models the cathode 
follower. Ans. See Fig. 7-29 


+ Vpp 


Fig. 7-28 


For the cathode follower of Fig. 7-28, 7, = 5kQ, w = 25, and Rx = 15kQ. (a) Use the equivalent circuit of 
Fig. 7-29 to find a formula for the voltage gain. (b) Evaluate the voltage gain. 


Ans. (a) Ay = UR«/[tp + (H+ Rx]; (8) 0.95 


The cathode follower is frequently used as a final-stage amplifier to effect an impedance match with a low- 
impedance load for maximum power transfer. In such a case, the load (resistor R,) is capacitor-coupled to 
the right of Rx in Fig. 7-29. Find an expression for the internal impedance (output impedance) of the 
cathode follower as seen by the load. Ans. Ry = Rxtp/[tp +(e + I) Rx] 


The amplifier of Fig. 7-30 is a common-grid amplifier. By finding a Thévenin equivalent for the network to 
the right of G, K and another for the network to the left of Rp, verify that the small-signal circuit of Fig. 7-31 
is valid. Then, (a) find an expression for the voltage gain; (b) evaluate the voltage gain for the typical 
values pz = 20, rp = SkQ, Rx = 1kQ, and Rp = 15kQ;  (c) find the input resistance Rj,; and (d) find the 
output resistance R,. 

Ans. (a) Ay=(U+VRp/[Rp +r, +(u+UDRx); (6) 7.7; (2) Rin = 1.95kQ; (d) R, = 26kQ 


Fig. 7-30 
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Rx Ip (w+ 1)Rx 'p P 


7.49 In the circuit of Fig. 7-32, the triodes are identical, Rg ¥ oo, and (Ry +1y)/(u+ 1) «K Rx. Show that the 
circuit is a difference amplifier, meaning that v, = f(v; — v2). Ans. Up = WRz (vy — V2)/(2Rz + 27p) 


+Vpp 


CHAPTER 8 


Frequency Effects in 
Amplifiers 


8.1. INTRODUCTION 


In the analyses of the two preceding chapters, we assumed operation in the midfrequency range, 
in which the reactances of all bypass and coupling capacitors can be considered to be zero while all 
inherent capacitive reactances associated with transistors are infinitely large. However, over a wide 
range of signal frequencies, the response of an amplifier is that of a band-pass filter: Low and high 
frequencies are attenuated, but signals over a band (or range) of frequencies between high and low are 
not attenuated. The typical frequency behavior of an RC-coupled amplifier is illustrated by Fig. 
8-l(a). In practical amplifiers the midfrequency range spans several orders of magnitude, so that 
terms in the gain ratio expression which alter low-frequency gain are essentially constant over the 
high-frequency range. Conversely, terms that alter high-frequency gain are practically constant over 
the low-frequency range. Thus the high- and low-frequency analyses of amplifiers are treated as two 
independent problems. 


Low-frequency range 


High-frequency 
range 


! 
1 
! 
fal 
i 


Midfrequency 


range \ 
@ 
Oy, ®y 
(a) (b) 
Fig. 8-1 
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8.2. BODE PLOTS AND FREQUENCY RESPONSE 


Any linear two-port electrical network that is free of independent sources (including a small-signal 
amplifier equivalent circuit) can be reduced to the form of Fig. 8-1(b), where T(s) = N(s)/D(s) is the 
Laplace-domain transfer function (a ratio of port variables). 

Of particular interest in amplifier analysis are the current-gain ratio (transfer function) T(s) = A,(s) 
and voltage-gain ratio (transfer function) T(s) = A,(s). For a sinusoidal input voltage signal, the Laplace 
transform pair 


A Vimo 
v(t) = Vin sinat o Vi (s) = 2? 
is applicable, and the network response is given by 
A,(s) V mo 
V2(s) = A,(s)Vi(s) = = (8.1) 
So + ow 


Without loss of generality, we may assume that the polynomial D(s) = 0 has n distinct roots. Then the 
partial-fraction expansion of (8.1) yields 
ky Kn4o 


Vo(s) = —— + — + —— + — + 4 (8.2) 
S—JO S+jJ@o S+pP, S+h)2 S+ Dn 


where the first two terms on the right-hand side are forced-response terms (called the frequency response), 
and the balance of the terms constitute the transient response. The transient response diminishes to zero 
with time, provided the roots of D(s) = 0 are located in the left half plane of complex numbers (the 
condition for a stable system). 

The coefficients k,; and k, are evaluated by the method of residues, and the results are used in an 
inverse transformation to the time-domain steady-state sinusoidal response given by 


v9(0) = Viml A,Jo@)| sin(wt + ) = Vom sin(wt + ¢) (8.3) 
(see Problem 8.23). The network phase angle ¢ is defined as 


aaa Im{A,(jo)} 


= tan” Re(A,(jo)} en 


From (8.4), it is apparent that a sinusoidal input to a stable, linear, two-port network results in a steady- 
state output that is also sinusoidal; the input and output waveforms differ only in amplitude and phase 
angle. 

For convenience, we make the following definitions: 


1. Call A(j@) the frequency transfer function. 
2. Define M =|A(jo)|, the gain ratio. 
3. Define My, = 20log M = 20log|A(jo)|, the amplitude ratio, measured in decibels (db). 
The subscript v or i may be added to any of these quantities to specifically denote reference to voltage or 


current, respectively. The graph of M,, (simultaneously with ¢ if desired) versus the logarithm of the 
input signal frequency (positive values only) is called a Bode plot. 


Example 8.1. A simple first-order network has Laplace-domain transfer function and frequency transfer function 


1 
A(s) = —— and A(jo) = ——— 
(9) t+1 es (je) 1+ jot 


where Tt is the system time constant. (a) Determine the network phase angle ¢ and the amplitude ratio M,, and 
(b) construct the Bode plot for the network. 
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(a) In polar form, the given frequency transfer function is 


1 1 1 
A(jo) = = [tan wr 
Vl+(or) [tanc"(or/l)  ./1 + (wt)? 
Hence, g=- tan7! wr (8.5) 
1 
and My = 20log|A(jo)| = 20 log = —10log{1 + (wr)"] (8.6) 


1+ (wt? 


(b) If values of (8.5) and (8.6) are calculated and plotted for various values of w, then a Bode plot is generated. 
This is done in Fig. 8-2, where w is given in terms of time constants t rather than, say, hertz. This particular 
system is called a /ag network because its phase angle ¢ is negative for all w. 


81 ee 


Eraress: 


+t 
Example 8.1 > 


Example 8.2. A simple first-order network has Laplace-domain transfer function and frequency transfer function 
A(s) = t5+ 1 and A(jw) = 1+ jot 


Determine the network phase angle @ and the amplitude ratio M@,,, and discuss the nature of the Bode plot. 
After A(j@) is converted to polar form, it becomes apparent that 


o= tan”! wr (8.7) 
and My = 20log |A(jo)| = 20 log \/1 + (wt? = 10 log[l + (@1)”] (8.8) 


Comparison of (8.5) and (8.7) reveals that the network phase angle is the mirror image of the phase angle for the 
network of Example 8.1. (As @ increases, ¢ ranges from 0° to 90°.) Further, (8.8) shows that the amplitude ratio is 
the mirror image of the amplitude ratio of Example 8.1. (As @ increases, M,, ranges from 0 to positive values.) 
Thus, the complete Bode plot consists of the mirror images about zero of Mj and ¢ of Fig. 8-2. Since here the 
phase angle ¢ is everywhere positive, this network is called a /ead network. 


A break frequency or corner frequency is the frequency 1/t. For a simple lag or lead network, it is 
the frequency at which M? =|A(jo)|’ has changed by 50 percent from its value at w= 0; at that 
frequency, M,, has changed by 3 db from its value at a= 0. Corner frequencies serve as key points 
in the construction of Bode plots. 


Example 8.3. Describe the Bode plot of a network whose output is the time derivative of its input. 
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The network has Laplace-domain transfer function A(s)=s and frequency transfer function A(jw) = jo. 
Converting A(jw) to polar form shows that 


= tan! 7 = 90° (8.9) 
and My» = 20logw (8.10) 


Obviously, the network phase angle is a constant 90°. By (8.10), Mj, = 0 when w = 1; further, My increases by 
20 db for each order-of-magnitude (decade) change inw. A graph of M4, versus the logarithm of w would thus have 
a slope of 20db per decade of frequency. A complete Bode plot is shown in Fig. 8-3. 
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Fig. 8-3 


The exact Bode plot of a network frequency transfer function is tedious to construct. Frequently, 
sufficiently accurate information can be obtained from an asymptotic Bode plot (see Problem 8.1). 


Example 8.4. The exact Bode plot for the first-order system of Example 8.1 is given in Fig. 8-2. (a) Add the 
asymptotic Bode plot to that figure. (b) Describe the asymptotic Bode plot for the system of Example 8.2. 


(a) Asymptotic Bode plots are piecewise-linear approximations. The asymptotic plot of M@,, for a simple lag 
network has value zero out to the single break frequency w = 1/t and then decreases at 20 db per decade. The 
asymptotic plot of @ has the value zero out to w = 0.1/t, decreases linearly to —90° at w = 10/t, and then is 
constant at —90°. Both asymptotic plots are shown dashed in Fig. 8-2. 

(b) The asymptotic Bode plot for a simple lead network is the mirror image of that for a simple lag network. Thus, 
the asymptotic plot of M, in Example 8.2 is zero out to w = 1/t and then increases at 20 db per decade; the plot 
of ¢ is zero out to w = 0.1/t, increases to 90° at w = 10/t, and then remains constant. 


8.3. LOW-FREQUENCY EFFECT OF BYPASS AND COUPLING CAPACITORS 


As the frequency of the input signal to an amplifier decreases below the midfrequency range, the 
voltage (or current) gain ratio decreases in magnitude. The /ow-frequency cutoff point w, is the 
frequency at which the gain ratio equals 1/./2(= 0.707) times its midfrequency value [Fig. 8-1(a)], or 
at which M,, has decreased by exactly 3db from its midfrequency value. The range of frequencies 
below w, is called the /ow-frequency region. Low-frequency amplifier performance (attenuation, really) 
is a consequence of the use of bypass and coupling capacitors to fashion the de bias characteristics. 
When viewed from the low-frequency region, such amplifier response is analogous to that of a high-pass 
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filter (signals for which w <q, are appreciably attenuated, whereas higher-frequency signals with 
@ > w, are unattenuated). 


Example 8.5. For the amplifier of Fig. 3-10, assume that Cc — oo but that the bypass capacitor Cg cannot be 
neglected. Also, let h,. =h,. *0 and R;=0. Find an expression that is valid for small signals and that gives 
(a) the voltage-gain ratio A,(s) at any frequency; then find (b) the voltage-gain ratio at low frequencies, (c) the 
voltage-gain ratio at higher frequencies, and (d) the low-frequency cutoff point. (e) Sketch the asymptotic Bode 
plot for the amplifier (amplitude ratio only). 


(a) The small-signal low-frequency equivalent circuit (with the approximation implemented) is displayed in Fig. 
8-4. In the Laplace domain, we have 


1 (Re)A/sCez) RE 
Zp=R = = 8.11 
c= Rel sCpr. Rpt l/sCy sRpCpt+l Set) 
1 Vsen h. 1p hy fe i i 
® e h @ L 
u; 
Fig. 8-4 
We next note that 
Te = Ty + hyely = (lye + II (8.12) 
Then KVL and (8./2) yield 
Vi = hiely + ZeTg = [hie + fe + DZeMy (8.13) 
But, by Ohm’s law, 
hyRcR 
Vi, = —(hyply)(Rel|R,) = -2 — I 8.14 
E (hyely (Rell Rr) Rok (8.14) 


Solving (8./3) for J,, substituting the result into (8./4), using (8.//), and rearranging give the desired voltage- 


gain ratio: 
V, hyRcR sR 1 

Boe YeRCAL SReCe + (8.15) 

Vi Re t+ Ry SReCehie + hie + lye + DRE 

(b) The low-frequency voltage-gain ratio is obtained by letting s — 0 in (8./5): 
_ Vy hyeRcRy 

A,(0) = lim = = 8.16 
(0) = NH, = (Ro F Rathi, + Cig + DRal me 


Comparison of ( 8./6) with (/) of Problem 6.7 (but with 4,, = 0) shows that inclusion of the bypass capacitor in 
the analysis can significantly change the expression one obtains for the voltage-gain ratio. 


(c) The higher-frequency (midfrequency) voltage-gain ratio is obtained by letting s > oo in (8./5): 


A,(oo) = lim FAs (8.17) 


S00 


| hyp RcRy ReCe + 1/s —hyRcRy 
Ro+Rz ReCghie + [hie + (he + YRel/s} hie Ro + Rx) 
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(d) Equation (8./5) can be rearranged to give 
hyeRcRy sRpCp tl 


A,(s) = 8.18 
9) (Ro + Ri) [hie + (hye + Re] ReCghie e-i8) 
/ 5s ———————- +] 
hie + (hye + 1) Re 
which clearly is of the form 
Tjs+1 
A,(s) = k,, ——— 
v(S) hy ts I 
Thus, we may use (8./8) to write 
1 1 
or = = 
Le eRe (8.19) 
1 Nie + ye + IRE 
and — mh ReCghie Ce) 
Typically, hy >> 1 and hyRe > hie, 80 a reasonable approximation of @» is 
1 
(8.21) 


W2 y 

Cehie/Nje 

Since hj./hj is typically an order of magnitude smaller than Rz, w is an order of magnitude greater than @,, 
and w; = @. 


(e) The low- and midfrequency asymptotic Bode plot is depicted in Fig. 8-5, where w; and w are given by (8.19) 
and (8.2/), respectively. From (8.16) and (8.17), 


Man = 201 hyeRcR 
dbL g (Ro + Rie + Cie + DRel (8.22) 
hyp RoR 
and Mau = 20log —=—<= (8.23) 


hie Rc + Ry) 


Fig. 8-6 


Example 8.6. In the circuit of Fig. 3-20, battery Vs is replaced with a sinusoidal source vs. The impedance of the 
coupling capacitor is not negligibly small. (a) Find an expression for the voltage-gain ratio M = |A,(jo)| = |v,/vs|. 
(b) Determine the midfrequency gain of this amplifier. (c) Determine the low-frequency cutoff point w,, and sketch 
an asymptotic Bode plot. 


(a) The small-signal low-frequency equivalent circuit is shown in Fig. 8-6. By Ohm’s law, 
_ Vs 
Rs + hie|| Rg + 1/sC 


i. (8.24) 
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Then current division gives 


Rp RaVs 
I= Is = 8.25 
0 Rpt hig | Rpt hi Rs + hel Rp + 1/80) wae 
But Ohm’s law requires that 
Ve = —hyRch, (8.26) 
Substituting (8.25) into (8.26) and rearranging give 
V, —hyRcRgC: 
Age %= aca (8.27) 
Vs (Re thie) + 5C(Rs + hell Ra) 
Now, with s = jw in (8.27), its magnitude is 
hpRcRgC 
M = |A(jo)| = a (8.28) 


(Ry t hie) [1+ (OCP (Rs + hell Re? 


(b) The midfrequency gain follows from letting s = j@— oo in (8.27). We may do so because reactances asso- 
ciated with inherent capacitances have been assumed infinitely large (neglected) in the equivalent circuit. We 
have, then, 

—hyRcRg 
(Rg t Nie)(Rs + Niell Ra) 


Amia = (8.29) 


(c) From (8.27), 
1 Rg thie 
~ C(Rs +hiellRe) — C[Rs (hie + Ra) + hie Re] 


(8.30) 


or, = 1/t 


The asymptotic Bode plot is sketched in Fig. 8-7. 
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Fig. 8-7 Fig. 8-8 Hybrid-x model for the BJT 


8.4. HIGH-FREQUENCY HYBRID-z BJT MODEL 


Because of capacitance that is inherent within the transistor, amplifier current- and voltage-gain 
ratios decrease in magnitude as the frequency of the input signal increases beyond the midfrequency 
range. The high-frequency cutoff point wy is the frequency at which the gain ratio equals 1/./2 times its 
midfrequency value [see Fig. 8-1(a)], or at which My, has decreased by 3 db from its midfrequency value. 
The range of frequencies above wy, is called the high-frequency region. Like w,, wy is a break frequency. 

The most useful high-frequency model for the BJT is called the hybrid-z equivalent circuit (see Fig. 
8-8). In this model, the reverse voltage ratio h,, and output admittance h,, are assumed negligible. The 
base ohmic resistance rp, assumed to be located between the base terminal B and the base junction B’, 
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has a constant value (typically 10 to 50 Q) that depends directly on the base width. The base-emitter- 
junction resistance ry. is usually much larger than r,, and can be calculated as 


_VAB+1)_ VrB 


= = (8.31) 
Tro Ico 


ble 
(see Problem 6.9). Capacitance C,, is the depletion capacitance (see Section 2.3) associated with the 
reverse-biased collector-base junction; its value is a function of Vgcg. Capacitance C, (> C,,) is the 


diffusion capacitance associated with the forward-biased base-emitter junction; its value is a function of 
Tro . 


Example 8.7. Apply the hybrid-z model of Fig. 8-8 to the amplifier of Fig. 3-10 to find an expression for its 
voltage-gain ratio A,(s) valid at high frequencies. Assume R; = 0. 

The high-frequency hybrid-z, small-signal equivalent circuit is drawn in Fig. 8-9(a). To simplify the analysis, a 
Thévenin equivalent circuit may be found for the network to the left of terminal pair B’, E, with 


‘ 
Vs =F 8.32 
Th ery Ss ( ) 
rly 
and Rip = Fq\lty = (8.33) 
rr try 


(5) 


Fig. 8-9 


Figure 8-9(b) shows the circuit with the Thévenin equivalent in position. Using v,,, and v, as node voltages and 
working in the Laplace domain, we may write the following two equations: 


Vivre ms Vin Vivre Vie = Vi 
t t =0 8.34 
Rm 1/sC, 1/sC, ( ) 
Vi Vi a Vite 
mV b'e =0 8.35 
Rol, 2" 2? sc, ee) 


The latter equation can be solved for V;., then substituted into (8.34), and the result rearranged to give the voltage 
ratio Vz,/V,: 
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Vin _ 8° CuCaRro(RelRr) + (01 = 8m) Cu(Rel Rv] + | 6.36) 
Vy (Re||Ri)(sCy > &m) ; 


For typical values, the coefficient of s” on the right side of (8.36) is several orders of magnitude smaller than the other 
terms; by approximating this coefficient as zero (i.e., neglecting the s” term), we neglect a breakpoint at a frequency 
much greater than w;._ Doing so and using (8.32), we obtain the desired high-frequency voltage-gain ratio: 


A (s) _ Vi _ 7 Rel|Ri(sC, = &m) 
oa Vs "zy + ry s(1 i Sm)Cu(Rel| Rr) + 1 


(8.37) 


8.5. HIGH-FREQUENCY FET MODELS 


The small-signal high-frequency model for the FET is an extension of the midfrequency model of 
Fig. 7-1. Three capacitors are added: C,, between gate and source, C,q between gate and drain, and Cy 
between drain and source. They are all of the same order of magnitude—typically | to 1OpF. Figure 
8-10 shows the small-signal high-frequency model based on the current-source model of Fig. 7-1(a). 
Another model, based on the voltage-source model of Fig. 7-1(b), can also be drawn. 


Fig. 8-10 High-frequency small-signal current-source FET model 


Example 8.8. For the JFET amplifier of Fig. 4-5(5), (a) find an expression for the high-frequency voltage-gain 
ratio A,(s) and (b) determine the high-frequency cutoff point. 


(a) The high-frequency small-signal equivalent circuit is displayed in Fig. 8-11, which incorporates Fig. 8-10. We 
first find a Thévenin equivalent for the network to the left of terminal pair a,a’. Noting that Ugs = Uj, We See 
that the open-circuit voltage is given by 


V; (8.38) 
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(6) 


If V; is deactivated, V; = V,, = 0 and the dependent current source is zero (open-circuited). A driving-point 
source connected to a, a’ sees only 


2m => =a (8.39) 


Now, with the Thévenin equivalent in place, voltage division leads to 
Zeq 1 SCod — 8m 


VL = = j (8.40) 
se Leg FP Zth a 1+ Zn/Zeq SCoa 
where Der ae ead et +Gpt+G (8.41) 
Zz, eq ods Tas Rp R, SCas T Sds D L : 
Rearranging (8.40) and using (8.47), we get 
Vi SCoq —&m 
A,(s) = = 7 8.42 
i) = E,  ACg Gea) + 8a + CH EGE oo 
From (8.42), the high-frequency cutoff point is obviously 
Sas + Gp + Gy 
rg 8.43 
H Gc Gy (8.43) 


Note that the high-frequency cutoff point is independent of C,, as long as the source internal impedance is 
negligible. (See Problem 8.40.) 


8.6. MILLER CAPACITANCE 


High-frequency models of transistors characteristically include a capacitor path from input to 


ouput, modeled as admittance Y; in the two-port network of Fig. 8-12(a). This added conduction 
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path generally increases the difficulty of analysis; we would like to replace it with an equivalent shunt 
element. Referring to Fig. 8-12(a) and using KCL, we have 


T; 1 +Ir 
8.44 
n= =p (8.44) 
But Tp =(Y, — V2) Vp (8.45) 
Substitution of (8.45) into (8.44) gives 
I, V, — V2)Y, 
Yin = oh ¢ AV Ly, 41 — Kp)¥e (8.46) 
Yy VY, 
where Kr; = V>/V, is obviously the forward voltage-gain ratio of the amplifier. 
In a similar manner, 
—I, —(h + Tr) 
Y= = ——_——_ 8.47 
on nn (8.47) 
and the use of (8.45) in (8.47) gives us 
L V,—-V. 
y,=-(24+—4 _= ¥,) =-[-%) + (Ke— Yr] = Yo + (1— Ka) Yr (8.48) 
V2 Vy 


where Kp = V/V is the reverse voltage-gain ratio of the amplifier. 


Equations (8.46) and (8.48) suggest that the feedback admittance Y; can be replaced with two shunt- 
connected admittances as shown in Fig. 8-12(b).. When this two-port network is used to model an 
amplifier, the voltage gain K,; usually turns out to have a large negative value, so that 
(1 — Kr) Yr © |Kr| Yr. Hence, a small feedback capacitance appears as a large shunt capacitance 
(called the Miller capacitance). On the other hand, Kp is typically small so that (1 — Kg) Yp © Yr. 


8.7. FREQUENCY RESPONSE USING SPICE 


SPICE methods offer a frequency sweep option that allows a small-signal, sinusoidal steady-state 
analysis of a circuit. The frequency sweep is invoked by a control statement of the following format: 


.AC DEC points start freq end freq 


Node voltages and device currents are inherently complex number values. The magnitudes and phase 
angles of calculated quantities can be retrieved by the Probe feature of PSpice by appending a p and n, 
respectively, to the variable. For example, magnitude and phase angle of the voltage between nodes 2 
and 3 are specified by Vm(2,3) and Vp(2,3). 


Example 8.9. For the BJT amplifier circuit of Fig. 3-10, assume Cc > oo. The small-signal equivalent circuit is 
given by Fig. 8-4 where Rg = Rj||Ro. Let Ngo = hye = 90, My = 90, Ry = 1k, Ry = 16kQ, Re = 500Q, 
Ce = 330 uF, Re = 1kQ, and R; = 10kQ. Use SPICE methods to determine the low-frequency cutoff point. 
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The netlist code that follows describes the circuit: 


Ex8_9.CIR 

vi 10AC0.250V 

Rl 101kohm 

R2 10 16kohm 

Vsen 12 DC OV 

hie 2 3 2000hm 

hfe 3 4 Vsen 90 
3 0 5000hm 
3 0 330uF 
40 1kohm 
40 10kohm 

-AC DEC 25 10Hz 10kHz 

.- PROBE 

- END 


Execute (Ex8_9.CIR) and use the Probe feature of PSpice to yield the plots of Fig. 8-13. From the marked 
points, it is seen that the low-frequency cutoff is f, = 214.4 Hz, where the voltage gain has a value of A,, = 289.7. 


1(214.4 Hz,289.7) 


(6 KHz,408.8) 


SEL>>! 


t 
t 
t 
1 
J 
( 
i 
1 
1 
1 
1 
i 
t 


-100 d+------------------- Potscccsc- ! 
10 Hz 1.0 KHz 10 KHz 


Frequency 
Fig. 8-13 


The above example utilized the small-signal equivalent circuit. Small-signal analysis frequency 
sensitivity can also be implemented using the SPICE model of the transistor directly. 


Example 8.10. For the BJT amplifier of Fig. 3-10, let R; = Rg=0, Re =3kQ, R, =1kQ, Ry = 15kQ, 
Co, = Cop = 1 mF, and Vee = 15V. The transistor can be modeled by the parameters of Example 3.4, except 
Rb = 10Q, Re = 100, and Cje = 100 pF. Use SPICE methods to graphically show the voltage gain magnitude 
and phase angle over the frequency range of 100 Hz to 1 GHz and to determine the low- and high-frequency cutoff 


points where f; depends on the value of the bypass capacitor Cz and fj; depends on the BJT junction capacitance 
values. 
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The following netlist code describes the circuit: 


Ex8_10.CIR 

vi 20AC0.250V 

Ccl2 3 1uF 

R2 63 15kohm 

Rl 30 1kohm 

vcc 60 15vV 

RC 64 3kohm 

Cc2 47 luF 

RL 70 5kohm 

Q4 30 QPNPG 

. MODEL QPNPG PNP (Is=10fA Ikf=150mA Ise=10fA B£f=150 
+Br=3 Rb=10ohm Rc=1000hm Va=30V Cjc=10pF Cje=100pF) 
-AC DEC 100 100Hz 1GHz 

.- PROBE 

- END 


Execution of (Ex8_10.CIR) and use of the Probe feature of PSpice results in the plots of Fig. 8-14 where it is seen 
that the midfrequency range extends from f; = 197.3 Hz to fy = 238.3 MHz. 


(238.3 MHz,0.67 


1(197.3 Hz,0.67), 
SEL>>! 


Frequency 
Fig. 8-14 


Solved Problems 


8.1. Calculate and tabulate the difference between the asymptotic and exact plots of Fig. 8-2, for use in 
correcting asymptotic plots to exact plots. 


The difference ¢ may be found by subtraction. For the Mj, plot, 


For 0<o< : Emap = 0 — {—10log [1 + (wt)"]} = 10 log [1 + (wry’] (1) 
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8.2 


For w > Euap = —10log (wt)? — (—10 log [1 + (wt)*]) = 10 log [1 + 1/(wt)"] (2) 


and for the ¢ plot, 


zi 
For 0<aw< on & =0-(- tan! wr) = tan! wr (3) 
T 
| 1 
For as <o< a Ey = —45° log 10wt + tan! wr (4) 
T T 
10 s -1 -1 ° 
For o > —: Ey = —90° —(—tan™ wt) = tan” wt — 90 (5) 
t 


Application of (/) to (5) yields Table 8-1. 


Table 8-1 Bode-Plot Corrections 


The s-domain transfer function for a system can be written in the form 
T(s) = K,(t15 + D(t2st+ 1)--- 
8"(Tp1S + 1)(tp2s + 1)--- 


() 


where n may be positive, negative, or zero. Show that the Bode plot (for WM, only) may be 
generated as a composite of individual Bode plots for three basic types of terms. 


The frequency transfer function corresponding to (/) is 


K,(1 + jot.,)U + jot.) --- 


PI) Ga jot + ota) 
From definition 3 of Section 8.2, 
ad lel Gort Tera Caon : | a 
which may be written as 
My = 20 log K, + 20 log |1 + jot.;| + 20log|1+jot»|+--- 
— 20n log | ja| — 20 log |1 + jwt,,| — 20 log |1 + jwty2| —--- (4) 


It is apparent from (4) that the Bode plot of T(jw) can be formed by point-by-point addition of the plots of 
three types of terms: 


1. A frequency-invariant or gain-constant term K, whose Bode plot is a horizontal line at Mj, = 20 log Ky. 
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2. Poles or zeros of multiplicity n, (jw)*”", whose amplitude ratio is M4, = +20nloga, where the plus sign 
corresponds to zeros and the minus sign to poles of the transfer function. (See Example 8.3.) 


3. First-order lead and lag factors, (1 + jwt)*", as discussed in Examples 8.1 and 8.2. They are usually 


approximated with asymptotic Bode plots; if greater accuracy is needed, the asymptotic plots are 
corrected using Table 8-1. 


The circuit of Fig. 8-15(a) is driven by a sinusoidal source vs. (a) Sketch the asymptotic Bode 
plot (Mj, only) associated with the Laplace-domain transfer function T(s)=V,/Vs. (b) Use 
Table 8-1 to correct asymptotic plot, so as to show the exact Bode plot. 


rai 
a 2 ose ie “it t—| ay 
au CI] Bae 
SS 
°8 R, + Rs - ceo — Be ae we ee ea - 4 
[=F A P20 log | + CR, + Ro 
eee | : j } i Exact -+- . SORE ae i 
Bode ~ - {*s 
Seen Rs L | plot — eee a Gr BEET 
Saas Risse Saal 20 log RC Baa eee 
=m Secs ese eI 
== 
(b) 
Fig. 8-15 
(a) By voltage division, 
Ri 
V>e. = >. _, VV 1 
° RL +Rst+1/sc * @) 
V, RC K 
so that f= mas ao (2) 
Vs 1lt+sC(Rp+Rs) 141s 


Using the result of Problem 8.2, we recognize (2) as the combination of a first-order lag, a constant 
gain, and a zero of multiplicity 1. The components of the asymptotic Bode plot are shown dashed 
in Fig. 8-15(5), and the composite is solid. For purposes of illustration, it was assumed that 
1/[C(R, + Rs)] > 1, which is true in most cases. 


(b) The correction factors of Table 8-1 lead to the exact Bode plot as drawn in Fig. 8-15(d). 
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8.4 Sketch the asymptotic Bode plot (M,, only) associated with the output-to-input voltage ratio of 
the circuit in Fig. 8-16(a). 


(a) (b) 
Fig. 8-16 


By voltage division, 


Ry 
_ Rall /sCa) _ sR, +1 
R, + R) + 1/sC, * 


V3 V, 


R,+—2 
I SR, CQ, + 1 
and the Laplace-domain transfer function is 


T(s) = Vy Rof(Ri +R) _ K, 
V5 ( RR Jew R01 
“\R, + Ro 


From T7(s), it is apparent that the circuit forms a low-pass filter with low-frequency gain 
T(0) = Ry/(R; + Ry) and a corner frequency at @, = 1/t; =1/R.gC2. Its Bode plot is sketched in Fig. 
8-16(d). 


8.5 For the amplifier of Fig. 3-10, assume that Ce > 00,h,, =h,. =0, and R; =0. The bypass 
capacitor C, cannot be neglected. Find expressions for (a) the current-gain ratio 4,(s), (b) the 
current-gain ratio at low frequencies, and (c) the midfrequency current-gain ratio. (d) Deter- 
mine the low-frequency cutoff point, and sketch the asymptotic Bode plot (M/q only). 


(a) The small-signal low-frequency equivalent circuit is given in Fig. 8-4. By current division for Laplace- 
domain quantities, 


R 

=, ae (2) 
Ret hie+ Ze 
1 Rr 

h Zrp=R = 2 
oe z= Rell 5G, sRpCe¥ 1 ?) 

—Re 
Also IT, = ——— hy, I, 3 
LR Rh (3) 
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(6) 


() 


(@) 


In the amplifier of Fig. 3-10, Ce 
10kQ, and h,, =h,, = 0. 
300 < hy. < 1000 Q. 
quency cutoff f; < 200Hz and high-frequency voltage gain |A,| > 50. 
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Substitution of (/) into (3) gives the current-gain ratio as 


TI, —-Re hyeRp 
TI, RotRy, Re thie + Ze 


Using (2) in (4) and rearranging leads to the desired current-gain ratio: 


—heRcRs (sReCp +1) 
: RY t 
AAs) = (Re +RiRe + Re thie) ©" * 
a I; ReCe(Rz + hie) 
i see ae | 
Ret Rg t hie 


The low-frequency current-gain ratio follows from letting s > 0 in (5): 


1 —hpRcR 
A{0) = lim ~ = eee 
so0 TG (Re t+ Rp) Re t+ Rg + Nic) 


The midfrequency current-gain ratio is obtained by letting s > oo in (5): 


I —hyRcR 
A(oo) = lim += eens 
soo TI, (Ro + Ry )(Rg t Nie) 


Inspection of (5) shows that the Laplace-domain transfer function is of the form 


Ts4+1 
A,(s) = K; 
i(s) b s+ I 
1 1 1 Re tRgthie 
where o,=—= and (ee E+ RB + Nie 
T| ReCe Tt ReCp(Rg + hie) 


With @, and @) as given by (8) and with 


Maz = 20 log A,(0) and Mam = 20log A;(co) 


[CHAP. 8 


(4) 


(5) 


(6) 


(7) 


(8) 


the Bode plot is identical to that of Fig. 8-5. Since w) > @), w» is closer to the midfrequency region and 


thus is the low-frequency cutoff point. 


$06, R= 0, Re = 1kO, Ry —3.2kKRQ)R, = 17kO, R; = 
The transistors used are characterized by 75 < hy < 100 and 
(a) By proper selection of Rc and Cz, design an amplifier with low-fre- 
(b) For the finished 


design, determine the low-frequency voltage-gain ratio if hj. and hy have median values. 


(a) According to (8./7), the worst-case transistor parameters for high 4,(0o) are minimum hy and max- 
imum h,,. Using those parameter values allows us to determine a value for the parallel combination of 


Re and R;: 
h 1000 
R., = Rell|R, = |A,(00)| 2 = 50 —— = 666.72 
eq cll Te (0)| hye 0 75 
R.,R : 
Then Ro=—t+ > £009: T)T0000) “aig aig 


Ri —Rey 9333.3 


Now, from (8.20), for f, < 200 Hz, 


ie + ye + VRE _ 300 + (101)(1000) 


oe wRulig 2(200)(1000)(300) 


= 268.7 WF 
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(6) By (8.16), 


(PF) 668. 
Moe hyeReg = 2 = —0.654 
' hie + (je +) Re 300+ 1000 (OEE, 12000) , 
2 2 


8.7. Let C,, Cg > oo in the capacitor-coupled amplifier of Fig. 6-22. Assume /jo) = Aye) = hoor = 
hy. =9. Find an expression for the voltage-gain ratio A,(s). 


The first-stage amplifier can be replaced with a Thévenin equivalent, and the second stage represented 


by its input impedance, as shown in Fig. 8-17. A’, follows from voltage division and (6.46) if R,, hye, and Nie 
are replaced with Rc, hy, and hj, respectively: 
a2 Reg her Rer yer Rei Reg (1) 
Req 2 R; hie Nie (Req oF Ri) 
Niey RR 
h Reg = ie Rov = Mie Rule = ae 2 
where eq = Nie | Rat = Mier Ri | Riz hh + Rel + Bas (2) 
Zo, 1s given by (6.50) with h,. replaced with Re, (and with h,.) = hg.) = 0): 
Zo = Re (3) 
Z es 
Fig. 8-17 
The second-stage input impedance is given by (6.47) if hj. is replaced with hjo>|| Rg. = hjer|| Ro || Ro! 
hiegR Nien Ro R 
2 TicQIX BD ie2 X21 N22 (4) 
hiea + Rpy Nien Ray + Roy) + Roi Ry 
Now, from (2) of Problem 8.3, 
Vou SZin2 Co (5) 
AW; 8Cx(Zing + Zo1) + 1 
and rearranging yields the first-stage gain as 
V, ; SZinrC 
A, a v —— (6) 
V; 8C4(Zing + Zo1) + 1 
The second-stage gain follows directly from (6.46) if R; is replaced with Reo: 
hyoR 
fer C2 
Ay =-=——— 
a hiex 
Consequently, the overall gain is 
SZ hyooR 
A, Ay Ay A, =u & ue c (7) 


” sCx(Zing + Zot 1 hier 
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Substituting (/) into (7) and simplifying yield the desired gain: 


hye NjerRoy Rea Req SZingCo 
hie hiex( Req + R;) 8Co(Zin2 + Zo1) +1 


A,(s) (8) 


In the cascaded amplifier of Problem 8.7 (Fig. 6-22 with C,,Cg— oo), let Ajo) = hig = 
1500 Q, Nye = hyeo = 40, Cr =1 LF, R; = 1kQ, Rc = 10 kQ, Ro= 20 kQ, and Rp = Rp =SkQ. 
Determine (a) the low-frequency gain, (b) the midfrequency gain, and (c) the low-frequency 
cutoff point. 
(a) Letting s > 0 in (8) of Problem 8.7 makes apparent the fact that the low-frequency gain 4,,(0) = 0. 
(b) The midfrequency gain is determined by letting s > oo in (8) of Problem 8.7: 

From (2), (3), and (4) of Problem 8.7, 
hyethferReiRooReq Zina 


Niet hier( Reg + Ri) Zind + Zol 
hie Rai (1500)(5000) 


A, (co) = lim A,(s) = 


= = = 1153.82 
He Ray 6500 
= Re = WES 
hieoRgr — (1500)(5000) 
aad Ze = ieee = 1153.82 
we aay a 6500 
(40)(40)(10 x 10°)(20 x 10°)(1153.8) 1153.8 
Th A,(oo) = = 7881.3 
bis u(oo) (1500)(1500)(2153.8) 1153.8 + 10 x 10° 


(c) The low-frequency cutoff point is computed from the lag term in (8) of Problem 8.7: 


Op 1 _ 1 
Qn 2ACHZin2 + Z1) 2701 x 10~°)(1153.8 + 10 x 103) 


f= = 14.3 Hz 


The two coupling capacitors in the CB amplifier of Fig. 6-15 are identical and cannot be 

neglected. Assume h,, =h,,=0. (a) Find an expression for the voltage-gain ratio V;/Vs. 

(b) Find an expression for the midfrequency voltage-gain ratio. 

(a) The small-signal low-frequency equivalent circuit is given in Fig. 8-18. Applying Ohm’s law in the 
Laplace domain, we obtain 


Vs SCOV 5 


Iy= = 
5 T/sCo + Rehin/(Re this) sCcRehin/(Re + hip) + 1 
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8.11 


Voltage division then gives 


RE RE sCo 


ee Is = V. I 
hiv t+ Re > hip + Re SCCRehp/(Re + hy) +1 * @ 
By current division at the output, 
shaR_RcCcl, 
Ve = Rule = Re eae hh = Q) 
Ret I/sCo + Ry [ sCc(R, + Ro) + 1 
Substituting (/) into (2) and rearranging lead to the desired voltage-gain ratio: 
AAs) Vr ReRiRchpCos” @) 
(3s) == 
Vs (hip + Re\SCcRehip/(Re + hy) + UlsCc(Ri + Re) + 1] 
(b) Letting s > oo in (3) leads to the midfrequency gain: 
R,Rch 
A,(o0) = ~~ (4) 
hp( Rt + Re) 


The two coupling capacitors in the CB amplifier of Fig. 6-15 are identical. Also, h,, = ho, = 0. 
(a) Find an expression for the current-gain ratio A,(s) that is valid at any frequency. (b) Find an 
expression for the midfrequency current-gain ratio. 


(a) The low-frequency equivalent circuit is displayed in Fig. 8-18. By current division, 


R 
=~ Is () 
hiy + Re 
R shaR_RcCcl, 
and dee c He ene a oS (2) 
Re + 1/sCe + Ry sCco(R, + Rc) + 1 
Substituting (/) into (2) and dividing by Js; give the desired current-gain ratio: 
sShaR pRcREC 
A [, sha Ry RCRECc (3) 
I; (hin + Re\sCc(Rt + Re) + I] 
(b) The midfrequency current-gain ratio is found by letting s > oo in (3): 
hpR_RcR 
A,(oo) —— (4) 


(hip + Re Ri + Ro) 


On a common set of axes, sketch the asymptotic Bode plots (M,, only) for the voltage- and 
current-gain ratios of the CB amplifier of Fig. 6-15, and then correct them to exact plots. 
Assume that the coupling capacitors are identical and that, for typical values, 
1 < Ce(Rellhin) K Cc(Ri + Re). 


The Laplace-domain transfer functions that serve as bases for Bode plots of the voltage- and current- 
gain ratios are, respectively, (3) of Problem 8.9 and (3) of Problem 8.10. Under the given assumptions, 
inspection shows that the two transfer functions share a break frequency at w = 1/[Cc(R, + Rc)] and the 
voltage-gain transfer function has another at a higher frequency. Moreover, the voltage plot rises at 40 db 
per decade to its first break point, and the current plot at 20db per decade. With 


Oy = Oj = OY = and On = Oy => 
lu li Li CAR, + Re) 2v ‘Lu CoRghp 


the low-frequency asymptotic Bode plots of voltage and current gain are sketched in Fig. 8-19. The given 
assumption assures a separation of at least a decade between @),, and @, and between w = | and @,. Since 
the parameter values are not known, the sketches were made under the assumption that K, = | in both plots. 
When values become known, the Bode plots must be shifted upward by 


ReRiRchpCe 
hip + Re 


20 log Ky, = 20 log for the voltage plot 
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— Oy ~ O14 ~ OT; +4 


Fig. 8-19 


hpRrRcReCc 


and 20 log Ky; = 20 log he, +R 
ib E 


for the current plot 


Correction of the asymptotic plot requires only the application of Table 8-1. The exact plots are shown 
dashed. 


8.12 For the CE amplifier of Fig. 3-10, determine (a) Z;,, (6) Zin, and (c) Z, if Ce > 00 but Cz 
cannot be neglected. 


(a) The small-signal low-frequency equivalent circuit is given in Fig. 8-4. Using (8.//) and (8.13), we have 


V; ShieReCe + Nie + Ve + DRE 
Zz ot =f, h )Z,;= le le fe 1 
in i lie ( fe + ) E sReCp +1 ( ) 
RpZi, 
Zin = RgllZi, = —2 2 
(Dd) in Bll in Rp + Zi, ( ) 
Substituting (/) into (2) and rearranging give 
Zz RalshieReCe + Ne + Nye + Re] (3) 
1 sReCe(Rp + hie) + Re + Nie + (hy + Re 
(c) With voltage source v; deactivated (shorted), KVL requires that 
a hyely(Ze\|hie) 
= eee 
hie 
that 1 ¢_eZehic |), = 4 
adi * hl Ze + Nie) a @ 
Since (4) can be satisfied in general only by J, = 0, the output impedance is simply 
Z,=Rc (5) 


In this particular case, (3) shows that the input impedance is frequency-dependent, while (5) shows 
that the output impedance is independent of frequency. In general, however, the output impedance 
does depend on frequency, through a finite-valued coupling capacitor Cc. (See Problem 8.13.) 
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8.13. To examine the combined effects of coupling and bypass capacitors, let the input coupling 
capacitor be infinitely large while the output coupling capacitor and the bypass capacitor have 
practical values in the CE amplifier of Fig. 3-10. For simplicity, assume /,, = h,. = 0 and 
Rp > Zp. (a) Find the voltage-gain ratio A,(s)=v;,/v;. (b) If Cg = 200 uF, Cc = 10 uF, 
R, = Rg = 1002, Re = Ry = 2kQ, hyp = 1kQ, and hy = 100, determine what parameters con- 
trol the low-frequency cutoff point and whether it is below 100Hz. (c) Find an expression for 


the output impedance Z,. 


Fig. 8-20 


(a) The small-signal equivalent circuit is given in Fig. 8-20. We first define 


= Re 
eg SReCet+1 


1 
Ze=Rz 
E Elle 


Then, by KCL, 
L. = 1, + hyely = Iye + Dh 
KVL around the input mesh requires that 
Vi = (Rit hilly + Zele 
Substituting (2) into (3) and solving for J; yields 


Vi 


LT — 
OR + hie + (hye + Ze 


Current division at the collector node gives 


Re +R, + 1/sCe 


h fol b 


and Ohm’s law and (5) yield 


RiRc 
4 RiI Nyel 
Us LAL Ro+R, + l/sCc Yet 


Substituting (4) and (/) into (6) and rearranging now lead to the desired voltage-gain ratio: 


hyRpRcCc 
Vy (hy + Re + Nie + R; 


i : —— CeRAAR; + hice) ; 
[sCc(Re + Ry) 4 us Ut DR FR rh" 1 


S(sReCp + 1) 


A,(S) 


(b) The Laplace-domain transfer function (7) is of the form 


—Ky8(ts + 1) 


as (ts + 1)(t35+ 1) 


Y) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 
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1 1 1 
h = = = 25rad 
as 1  GaRe FR, G0 x 10-4000) 4S 
i 4 1 
=—— 2 = 50rad 
2 =F = Rp (00200 x 10-5) ~ 2 TAs 
Oe ee eee 
voy a a et DRE FR thie _ (101)(100) + 100+ 1000 _ 59 1 7 


T3 CeRER; + hie) (200 x 10-*)(100)(1100) 


Since there is at least a decade of frequency (in which the gain can attenuate from its midfrequency 
value) between w; and the other (lower) break frequencies, w; must be the low-frequency cutoff w,. 
Then 

_ 3 _ 509.1 


—— = 81.02 Hz < 100 Hz 


a on 


(c) As in Problem 8.12, /, = 0 if v; is deactivated; a driving-point source replacing R,; would then see a 
frequency-dependent output impedance given by 


1 
Zo = Zap = Re =F sCo (8) 


8.14 Assume that the coupling capacitors in the CS MOSFET amplifier of Fig. 4-25 are identical. 
Determine the voltage-gain ratio (a) for any frequency and (6) for midfrequency operation. 
(a) The equivalent circuit is drawn in Fig. 8-21. By voltage division, 


Rg SR6Co Ry R) 


Vos = = V, h Rg = R\||Ro = I 
gs Rg + 1/sCce ' SR6Ceo + 1 : siete G il R, + R> ( ) 
Current division at the drain node yields 
I Rollras g V. sCc[Roras/(Ro 25 rasN&m Ves (2) 
 Rolltas + W/sCo# Rp PO" CLR ras/(Ro + Fas) + Ril + 1 
from which 
V, = RI, = sent ohe fallRe F lds) a (3) 
SCc[Rotas/(Rp + as) + Ri] + 1 
Substitution of (7) into (3) and rearrangement then give 
Age = "2 = # snRoRpRitaCe/(Ro + ras) @) 
: [sce (qm + ,) + I]lsceRe +1] 
Rp a ‘ds 


(b) Since high-frequency capacitances have not been modeled, the midfrequency gain follows from letting 
s§ — oo in (4): 


&m RpR, Vas 
Rotas + Ri (Ro + Fas) 


Amid A,(00) — 
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8.15 For the CS JFET amplifier of Fig. 7-2, (a) find an expression for the voltage-gain ratio 4,(s) and 
(b) determine the low-frequency cutoff point. 


(a) The low-frequency equivalent circuit is shown in Fig. 8-22. By KVL, 
UV gs M(SRsCg + 1) Ves 


Iy= = 1 
4 = (RSI/sC5) + ra + Ro 5C3R5(Rp + Pas) + Ro + Rp Fra wy 
But KVL requires that 
1 RsIp 

Vis = V; —Ip| Rs =V; 2 
gs i of sz) i sRsCs +1 ( ) 

Substituting (/) into (2) and solving for V, give 
SCgRs(Rp + tas) + Rs + Rp + Fas (3) 

gs 


~ sCsRs(Rp + ra) + Rp tra + (Ut DRs | 
Now, by Ohm’s law and (J), 


y Rnl MRp(SRsCg + 1) Vg, (4) 
. said SCsRs(Rp +1 as) + Rs + Ro + Was 


Substituting V,, as given by (3) into (4) and rearranging yield, finally, 
V, R SRsC 1 
A,(s) = —2 ae aolisbei (5) 
Vj Rp +rat (ut DRs R CsRs(Rp + Fas) 4] 
© Rp tra + (ut Rs 


(b) It is apparent that the low-frequency cutoff is the larger of the two break frequencies; from (5), it is 


— Ro t+ras t+ (ut DRs 
CsRs(Rp + Tas) 


OL 


Fig. 8-22 


8.16 The hybrid-z equivalent circuit for the CE amplifier of Fig. 3-10 with the output shorted is shown 
in Fig. 8-23. (a) Find an expression for the so-called 6 cutoff frequency fz, which is simply the 
high-frequency current-gain cutoff point of the transistor with the collector and emitter terminals 
shorted. (b) Evaluate fy ifr, = 100Q,r, = 1kQ, C, = 3pF, and C, = 100 pF. 

(a) Ohm’s law gives 
I, 1 


Vie = where ieee 1 
ve = 7 TAC, +G,) on 0) 


But with the collector and emitter terminals shorted, 


T, = —§&m Vivre (2) 
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EmVb'e 


Fig. 8-23 


Substituting (/) into (2) and rearranging give the current-gain ratio 


[, &m Sml'x (3) 
Ty 8a s(C, + Cy) ST y( Cy a Cy) +1 


From (3), the 6 cutoff frequency is seen to be 


p 1 


Qn 2nr,(C, + C,) 4 


fp = 


(b) Substituting the given high-frequency parameters in (4) yields 


1 


= = 1.545 MH 
21000103 x 10-2) : 


Sp 


8.17. Apply the hybrid-z high-frequency model to the CB amplifier of Fig. 6-15(6): (a) Find an 
expression for the high-frequency voltage-gain ratio. (b) Describe the high-frequency behavior 
of the CB amplifier. 


(a) Use of the hybrid-z model of Fig. 8-8 results in the high-frequency small-signal equivalent circuit of 
Fig. 8-24. The coupling capacitors are assumed to be short circuits at high frequency. For typical 
values, r. < 1/sC,,1,, 1/sC,, for frequencies near the break frequencies; thus, letting r,. = 0 introduces 
little error (but considerable simplicity). 


EmYb'e 


B a’ 


Fig. 8-24 


A Thévenin equivalent can be found for the network to the left of terminal pair a, a’. With r, = 0, 
current from the dependent source flows only through C, so 


1 
Vin = —— 2nV pe 1 
Th sC, &m" b’e ( ) 
By the method of node voltages, 


Vs + V re 


+ Sm Vivre t Vor(SCy ote GE + 8x) =0 (2) 
Rs 
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8.18 


Solving (2) for V;,, and substituting the result into (/) yield 


&m Vs 
Vin = 3 
Th sCyll + Rs8m + Rs(sCy + Ge + Bal @) 


Deactivating (shorting) V; also shorts E to B’. Consequently, V,,, = 0, the dependent current source 
is open-circuited, and Z7, = 1/sC,. 
Now, the Thévenin equivalent and voltage division lead to 
Rell Rt 


peppers a ake ee 4 
Rel|Ri + Zr, ue @ 


L 


Substitution of (3) into (4) and rearrangement give the desired voltage-gain ratio: 


Vi &mRe Rr 


A, = = 
Vs [sC,,(Rel| Rt) + I][sC,Rs t Rs(Sin t 8x t Gz) t 1] 


(5) 


(b) Since (5) involves the upper frequency range, it describes the amplifier as a low-pass (midfrequency) 
filter with break frequencies at 


1 Rs 1 
and _ (8m + 8a + Ge) + 


a, wo 6 
(RMR 2 CRs ©) 


w 


(a) Apply the results of Section 8.6 to the small-signal equivalent circuit of Fig. 8-9(a) to deter- 
mine the Miller capacitance. (b) Using the Miller capacitance, draw the associated equivalent 
circuit and from it find an expression for the high-frequency voltage-gain ratio. 


(a) First, the gain Ky, must be found with capacitor C,, and load resistor R; removed. Since 
Vy = —&m VireRe 
the desired gain is 


2 VG, 
Vin 


Ky = —8mRc (/) 


The Miller capacitance Cy is the input shunt capacitance suggested by (8.46): 


Y, 
Cu = (1 Kr) = (14 Sn RoC, (2) 


since comparison of Figs. 8-9(a) and 8-12(a) shows that C,, forms a feedback path analogous to Yr. 


(b) The output shunt capacitance, as suggested by (8.48), must also be determined. Since /,,. = 0 underlies 
the hybrid-z model, the reverse voltage-gain ratio Kr = 0, hence: 


Y, = Yo + (1 — Kp) Vp © Yo+ Yr = Y2+sC, (3) 


Comparison of Fig. 8-9(a) with Fig. 8-12(b) and the use of (7) to (3) lead to the equivalent circuit of Fig. 
8-25. Let 


Coq = Cu + Cr = dd + 8mRo)C, + Cy 


Then, by voltage division, 


1x / (S81 7Ceg + 1) 1g/(tx + es) 
Vie = ed - Ss (4) 
Vy +1 g/ (St 7}Cog + 1) S(T |) Cog + 1 
and by Ohm’s law, 
Re||R 
clRt (5) 


Vi = Viv 
L s(Rel|IRL)C, 4 1 Em" b'e 
Substitution of (4) into (5) and rearrangement yield the desired voltage-gain ratio: 


Vi 8m( Rell Rix / (rx as Ix) 
V; [s(Rel|Rr)Cy oF [sry ll) Cog + 1 


A,() 
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el + &mR)Cy 


Fig. 8-25 


8.19 (a) Apply the results of Section 8.6 to the small-signal equivalent circuit of Fig. 8-11 to determine 
the Miller admittance. (b) Utilizing the Miller admittance, draw the high-frequency small-signal 
equivalent circuit and determine the voltage-gain ratio. 


(a) 


(5) 


With load resistor R; and feedback capacitor C,q removed from the circuit of Fig. 8-11, the forward 
gain K, follows from an application of Ohm’s law: 


Vy &m(TasllRp) 
Kr= = I 
P= = Sal Rp)Cas + | - 
The Miller admittance suggested by (8.46) is 
&mlTas I Rp) 
Yy =U —-Kp)Y¥p=]1+ S Cog 2 
mu =( P)Yr MallRp)Ca +1 gd (2) 


In the frequency range of interest and for typical values of ry,,Rp, and Cy, generally 
|s(Tas|| Rp)Cas| « 1; thus, the Miller admittance can be synthesized as a capacitor with value 


Y 
Cu = =F Bala RoVICga 3) 


Since there is no feedback of output voltage to the input network of Fig. 8-11, Kg =0. Hence, the 
output admittance, as suggested by (8.48), is simply 


(1 — Kr) Yr = Vp = 8Cgq (4) 


The equivalent circuit of Fig. 8-11 can be converted to the form of Fig. 8-12(b), as displayed in Fig. 
8-26. By Ohm’s law, 


V, 
Vi, = &m gs (5) 
S(Cas oo Cea) + Sds + Gp + Gy 
Since V,, = V;, the required voltage-gain ratio follows as 
V, 
(3) = os (6) 


V; 5( Cas + Cea) + Sas + Gp + G, 


As long as the source resistance is negligible, A,, is independent of Cy. (See Problem 8.25.) 
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8.20 The high-frequency equivalent circuit for the CS JFET amplifier of Fig. 4-5 is given by Fig. 8-11. 
Let Rg =1MQ, Rp = Rp =2kQ, ry = SOKQ, g,, = 0.0168, C,, = 3 pF, Cy = 1 pF, and 
Coq = 2.7pF. By SPICE methods, determine the voltage gain for a 50 MHz impressed signal. 


The netlist code below describes the circuit: 


Prb8_20.CIR 

vi 10AC0.25V 

RG 10 1Megohm 
Cgs 10 3pF 
Cgd122.7pF 

Ggm 2 0 (1,0) 0.016 
rds 2 0 50kohm 


Cds 20 1pF 

RD 20 2kohm 

RL 20 2kohm 

-AC DEC 100 1MegHz 100MegHz 
.- PROBE 

- END 


Execute (Prb8_20.CIR) and use the Probe feature of PSpice to give Fig. 8-27. From the marked points, it is 
seen that the voltage gain at 50 MHz is 


A, = 10.362128.2° 


(S50 MHz,10.36) 


[ 
~(50 MHz ,128.2) 


SEL>>! 
100 d+-------------- a tlt I 
1.0 MHz 10 MHz 100 MHz 
ao Vp (2) 
Frequency 
Fig. 8-27 


8.21. For the CG JFET amplifier of Fig. 4-28, let Vpp = 15V, R, = Ro = 10kQ, Rp = 500Q, 
Rs = 2kQ, and Ce; = Ce. = 15 uF. Add a load resistor R; = 15kQ. The JFET is modeled 
by the parameters of Problem 4.4. Use SPICE methods to implement a wide frequency range 
study to determine low- and high-frequency cutoff points for this amplifier. 
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The following netlist code describes the amplifier circuit: 


Prb8_21.CIR 

vi 10AC0.25V 

cC112 15uF 

RS 20 2kohm 

J3 42NJFET 

- MODEL NJFET NJF( Vto=-4V Beta=0.0005ApVsq 
+ Rd=1lohm Rs=lohm CGS=2pF CGD=2pF) 

R1 45 10kohm 

R2 40 10kohm 

RD 35 5000hm 

VDD 50 15V 
CcC2 36 15uF 

RL 6015kohm 

-AC DEC 100 10Hz 50MegHz 
. PROBE 

- END 


Execute (Prb8_21.CIR) and use the Probe feature of PSpice to yield the gain magnitude plot of Fig. 8-28. 
The marked points show the cutoff frequencies to be f, = 36.4Hz and f;, = 9.9 MHz. 


1. 
1. 
(36.4 Hz,1.0) 
QO. z . *(9.9 MHz,1.0) 


10 Hz 100 KHz 1.0 GHz 
a Vm(6) /Vm(1) 
Frequency 
Fig. 8-28 


Supplementary Problems 


8.22 Show that if two linear networks are connected in cascade to form a new network such that 
T(jo) = T;(jw)T>(jo), then the composite Bode plot is obtained by adding the individual amplitude ratios 
Mp» and Mj, and phase angles (¢; and @>) associated with 7;(jw) and T>(jw) at each frequency. 


8.23. Show that (8.3) follows from the evaluation of k, and ky of (8.2). 
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8.24 


8.25 


8.26 


8.27 


8.28 


8.29 


8.30 


An amplifier has a Laplace-domain transfer function (voltage-gain ratio) given by 


V, K. 
AQ = s 
I =F = Gy fons 4 105 


(a) If an asymptotic Bode plot of A,(j@) is made, over what values of frequency (in the midfrequency range) 
is the gain constant in amplitude? (5) Find the midfrequency gain in decibels if K, = 10°. (c) Within 2 
percent accuracy, over what range of frequencies is the exact gain constant? 

Ans. (a) 100<@<10° rad/s; (b) Mayy = 60db; (c) My, = 58.8db for 500 < w < 5 x 10* rad/s 


In Problem 8.19, the gain of the FET amplifier does not depend on the Miller capacitance C, ; however, the 
situation changes if the source resistance is nonzero. (a) Adda source resistance R; to Fig. 8-26, and find an 
expression for the voltage-gain ratio. (6) Evaluate the gain for R; = 0 and for R; = 100Q if C,, = 3 pF, 
Cos = 1 pF, Coq = 2.7 pF, ras = S0KQ, 8, = 0.0168, Rp = Rp = 2kQ, Rg = 1 MQ, and f = 50 MHz. 


—EmRG/(Ri 5 Rg) 
[s(Cas + Cag) + Sds + Gp TF G_]ls( Rall RM Ces Te Cu) + 1 
(b) For R;=0, A, = 10.348[131.53°; for R, = 100, A, = 3.49|61.26° 


Ans. (a) A,(s)= 


Consider the high-pass filter circuit of Fig. 8-15(a). (a) Show that as w becomes large, the amplitude ratio 
M », actually approaches 20 log[ R,,/(R,, + Rs)] as indicated in Fig. 8-15(b). (b) Show that |M7(ja,)|, where 
wy = 1/C(R, + Rs), has the value 4|M?(joo)| = 4[R,/(Ri + Rs)I- 


In the high-pass filter circuit of Fig. 8-15(a), the source impedance Rs = 5kQ._ If the circuit is to have a 
high-frequency gain of 0.75 and a break or cutoff frequency of 100 rad/s, size R, and C. 
Ans. Ry = 15kQ,C =0.5 nF 


In the circuit of Fig. 3-20, replace Vs with a sinusoidal source to give the small-signal circuit of Fig. 8-6. 
(a) If the impedance of the coupling capacitor is not negligible, find the current-gain ratio A,(s) = I, /Ts. 
(b) Determine the low-frequency cutoff point. 

Ans. (a) Aj = hyRp/(Rp thie); (b) the gain is independent of frequency down to f = 0 


Show that the RC network of Fig. 8-29 is a high-pass filter. Determine its low-frequency cutoff point. 


aes Vi =—- Ro +R; SRyR3C3/(Ry + R3) +1 em Ri + Ro + Ry 
“Vs Ry + Ry + Ry s(Ry + Ro)R3C3/(Ry + Ro + R3) +1 (Ry + Ry) RC, 


Ry 


Fig. 8-29 


The amplifier of Fig. 3-10 is modeled for small-signal operation by Fig. 8-4. Let Ce > 00, Cg = 100 uF, 
Re = 100Q, Ro = R, = 2kQ, hie = 200 Q and hy = 75. Determine (a) the low-frequency voltage gain, 
(b) the midfrequency gain, and (c) the low-frequency cutoff point. 

Ans. (a) —9.62; (b) — 375; (c) 3750 rad/s 


256 


8.31 


8.32 


8.33 


8.34 


8.35 


8.36 


8.37 


8.38 


8.39 


8.40 


8.41 
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For the amplifier of Fig. 3-10, show that if the source internal impedance R; is not negligible, but 
R; < Rz = Rj|| Ro, then the low-frequency cutoff point is given by 
(hie + Ri) + ye + Re 

ReCelhie + Ri) 


oO, = 


Show that, for the amplifier of Fig. 3-10 as described in Problem 8.5, if Rg >> Re + Aj, then the current-gain 
ratio becomes independent of frequency. 


In the amplifier of Fig. 3-10, let Ce > 00, Cg = 100 uF, Re = 20k2, hje = 100 Q, hy = 75, Ro = Rp = 
2kQ, R; =2kQ, and R, = 20kQ. Determine (a) the low-frequency current gain, (b) the midfrequency 
current gain, and (c) the low-frequency cutoff point. 

Ans. (a) —3.11; (6) — 35.54; (c) 5.71 rad/s 


In the amplifier of Problem 8.6, let R; = 500 Q and all else remain unchanged. Determine the value of the 
emitter bypass capacitor required to ensure that f; < 200Hz. Compare your result with that of Problem 8.6 
to see that consideration of the source internal impedance allows the use of a smaller bypass capacitor. 
(Hint: See Problem 8.31.) Ans. Cr > 101.3 uF 


In the amplifier of Fig. 3-10, Ce > o, R; = 5009, Re = 30kQ, R; = 3.2kQ, Ry = 17kQ, R, = 10kQ, 
Noe = Me = 9, hye = 100, and hie = 100. Determine Re and Cz so that the amplifier has a midfrequency 
current-gain ratio |A;| > 30 with low-frequency cutoff f; > 20Hz. (Hint: See Problem 8.5.) 

Ans. Re = 4517.8, Ce = 3.13 uF 


In the CE amplifier of Fig. 3-10, let Ce> oo, Cg=100uF, Re = 10092, R; =0, Rg =5kQ, 
Ro = Ry = 2kQ, ge = Nye = 0, hye = 75, and hie = 1kQ. The small-signal ac equivalent circuit is given 
by Fig. 8-4. Ifa sinusoidal signal v; = V,,, sin wf is impressed (with w = 400 rad/s), determine (a) the phase 
angle between v; and i;,  (b) the phase shift between input and output voltages, and (c) the phase shift 
between input and output currents. 

Ans. (a) Current leads voltage by 35.52°; (6) output voltage lags input voltage by 128.98°; (c) output 
current lags input current by 180° 


In the amplifier of Problem 8.13, let Ce = 200 uF, Co = 10 uF, Reg = 50Q, Re = Rp = 2kQ, R; = 100, 
Nye = Noe = 9, hie = 1KQ, and hy = 50. (a) Sketch the asymptotic Bode plot (Mj only) for the voltage-gain 
ratio. (b) Is the 3-db attenuation point below 40 Hz? 

Ans. (a) A,(s) = —0.5485(0.01s + 1)/[(0.04s + 1)(0.00301s + 1)]. The associated Bode plot is given in Fig. 
8-30; (b) no, because M,(joo) — My,(j80z) = 3.79 db 


In the CE amplifier of Example 8.7, let g,,, = 0.035S, r, = 8kQ, r, = 30Q, Re = R, = 10kQ, C, = 10 pF, 
and C, =2pF. (a) Determine the high-frequency cutoff point. (b) Find the midfrequency gain. 
Ans. (a) fx =16.49MHz; (6) Aymiqg = —174.3 


In the CB amplifier of Problem 8.17, let Rs = 100Q, Re = 1kQ, Re = Ry = 10kQ, C, = 2pF, C, = 40pF, 
&m = 0.0358, andr, =5kQ. Determine (a) the midfrequency gain and (bd) the high-frequency cutoff 
point. Ans. (a) Ayia = 37.88; (6) fy = 15.91 MHz 


Add a source resistance R; to the high-frequency small-signal equivalent circuit for the CS amplifier given by 
Fig. 8-11. Let C,, =3pF, Cy = 1 pF, Cgq = 2.7 pF, ras = S0KQ, g,, = 0.0168, Rp = Rp = 2kQ, and 
Rg =1MQ._ Determine the high-frequency cutoff point (a) with R; =0 and (6) with R; = 100. 

Ans. (a) fx = 43.875MHz; (b) fy = 13.69 MHz 


For the hybrid-z model of a CB BJT amplifier circuit given by Fig. 8-24, let Rp = 2002, Re = R; = 10kQ, 
ry = 25Q, rz = 5kQ, g, = 0.028, and C, =C,=2pF. Use SPICE methods to determine the midfre- 
quency voltage gain and the high-frequency cutoff point. (Netlist code available at the author’s website.) 
Ans. Aymiq = 100, fy = 16.1 MHz 
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8.42 The CS JFET amplifier of Fig. 7-2(a) is modeled by the equivalent circuit of Fig. 8-22 for low-frequency 
operation. Let Rg = 500kQ, Rs = 500 Q, Rp = 3kQ, Cy = 10 uF, pw = 60, and ry, = 30kQ. Use SPICE 
methods to determine the low-frequency cutoff point. (Netlist code available at the author’s website.) 
Ans. fr, = 40.9 Hz 


CHAPTER 9 


Operational Amplifiers 


9.1. INTRODUCTION 


The name operational amplifier (op amp) was originally given to an amplifier that could be easily 
modified by external circuitry to perform mathematical operations (addition, scaling, integration, etc.) in 
analog-computer applications. However, with the advent of solid-state technology, op amps have 
become highly reliable, miniaturized, temperature-stabilized, and consistently predictable in perfor- 
mance; they now figure as fundamental building blocks in basic amplification and signal conditioning, 
in active filters, function generators, and switching circuits. 


9.2. IDEAL AND PRACTICAL OP AMPS 


An op amp amplifies the difference vz = v,; — v. between two input signals (see Fig. 9-1), exhibiting 
the open-loop voltage gain 
Vo 
Aor, =— (9.1) 
Vd 
In Fig. 9-1, terminal | is the inverting input (labeled with a minus sign on the actual amplifier); signal v, is 
amplified in magnitude and appears phase-inverted at the output. Terminal 2 is the noninverting input 
(labeled with a plus sign); output due to v, is phase-preserved. 


+Voco 


(a) Complete representation (b) Simplified representation 


Fig. 9-1 Operational amplifier 
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In magnitude, the open-loop voltage gain in op amps ranges from 10* to 10’. The maximum 
magnitude of the output voltage from an op amp is called its saturation voltage; this voltage is approxi- 
mately 2 V smaller than the power-supply voltage. In other words, the amplifier is linear over the range 


—(Vee — 2) < 16 < Veco -2V (9.2) 


The ideal op amp has three essential characteristics which serve as standards for assessing the goodness 
of a practical op amp: 
The open-loop voltage gain Ag, is negatively infinite. 
2. The input impedance R, between terminals | and 2 is infinitely large; thus, the input current is 
zero. 


3. The output impedance R, is zero; consequently, the output voltage is independent of the load. 


Figure 9-1(a) models the practical characteristics. 


Example 9.1. An op amp has saturation voltage V.4, = 10V, an open-loop voltage gain of —10°, and input 
resistance of 100kQ. Find (a) the value of v, that will just drive the amplifier to saturation and (b) the op amp 
input current at the onset of saturation. 


(a) By (9.1), 
EV osat — +10 


Fon = age = 20-1mV 


Ug = 


(b) Let i,, be the current into terminal | of Fig. 9-1(5); then 


i, 2d +0.1 x 1077 
™"Ri 100 x 103 


=+InA 


In application, a large percentage of negative feedback is used with the operational amplifier, giving 
a circuit whose characteristics depend almost entirely on circuit elements external to the basic op amp. 
The error due to treatment of the basic op amp as ideal tends to diminish in the presence of negative 
feedback. 


9.3. INVERTING AMPLIFIER 


The inverting amplifier of Fig. 9-2 has its noninverting input connected to ground or common. A 
signal is applied through input resistor R;, and negative current feedback (see Problem 9.1) is imple- 
mented through feedback resistor Ry. Output v, has polarity opposite that of input vs. 


Rp 


Fig. 9-2 Inverting amplifier 


Example 9.2. For the inverting amplifier of Fig. 9-2, find the voltage gain v,/vs using (a) only characteristic | 
and (b) only characteristic 2 of the ideal op amp. 
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(a) By the method of node voltages at the inverting input, the current balance is 


Us — Ud Ug — Ud a Ud 
Sai 9.3 
where R, is the differential input resistance. By (9.1), vg = U)/Aoz which, when substituted into (9.3), gives 
—v,/A —v,/A R 
Us Uo/ OL sje Uo Uo/ OL Vo/ d (9.4) 
R Rr AoL 
In the limit as Ag; > —ov, (9.4) becomes 
a C R 
eG 8 gothet A= a2 (9.5) 
Ri Re 's R 


(b) Ifi, =0, then vg = i,,R7 =0, and i; =ip =i. The input and feedback-loop equations are, respectively, 


Us = iR, and Vo = —iRp¢ 
R 
whence A, = ee (9.6) 
Us R, 


in agreement with (9.5). 


9.4. NONINVERTING AMPLIFIER 


The noninverting amplifier of Fig. 9-3 is realized by grounding R, of Fig. 9-2 and applying the input 
signal at the noninverting op amp terminal. When 2, is positive, uv, is positive and current 7 is positive. 
Voltage v; = iR, then is applied to the inverting terminal as negative voltage feedback. 


@ 


Fig. 9-3. Noninverting amplifier 


Example 9.3. For the noninverting amplifier of Fig. 9-3, assume that the current into the inverting terminal of the 
op amp is zero, so that vz ~ 0 and v; © v,. Derive an expression for the voltage gain v,/v>. 
With zero input current to the basic op amp, the currents through R, and R,; must be identical; thus, 


eM ae ng ™ 
BooR 4d AR walt (9.7) 
9.5. COMMON-MODE REJECTION RATIO 
The common-mode gain is defined (see Fig. 9-1) as 
Aon = —-~2 (9.8) 
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where v; = v2 by explicit connection. Usually, A, is much less than unity (A,,, = —0.01 being typical). 
Common-mode gain sensitivity is frequently quantized via the common-mode rejection ratio (CMRR), 
defined as 


CMRR = 224 (9.9) 


cm 


and expressed in decibels as 


A 
CMRR,y, = 20 log a = 20log CMRR (9.10) 
Typical values for the CMRR range from 100 to 10,000, with corresponding CMRR,, values of from 40 
to 80 db. 


Example 9.4. Find the voltage-gain ratio A, of the noninverting amplifier of Fig. 9-3 in terms of its CMRR. 
Assume v; = Up insofar as the common-mode gain is concerned. 

The amplifier output voltage is the sum of two components. The first results from amplification of the 
difference voltage vy as given by (9./). The second, defined by (9.8), is a direct consequence of the common- 
mode gain. The total output voltage is, then, 


Vo = Aova ~ Acmv2 (9.11) 


Voltage division (with i, = 0) gives 


R 
Uq = V1 U9) 


— 9.12 
2 R +R Vo U2 ( ) 


and substituting (9./2) into (9.//) and rearranging give 


Aoi 
Uo 1— =—-(A + Ay Uy 
(1 ZR) = on + Aende 


Vo —(Ao, a Aum) _ —Ao, Ao,/CMRR (9.13) 


Then A,=—= 
vg L—Ao,R\/(Ri+ Ro) 1 AorRi/(Ri + R2) 1 — Aor Ri/(Ri + Ra) 


9.6. SUMMER AMPLIFIER 


The inverting summer amplifier (or inverting adder) of Fig. 9-4 is formed by adding parallel inputs to 
the inverting amplifier of Fig. 9-2. Its output is a weighted sum of the inputs, but inverted in polarity. 
In an ideal op amp, there is no limit to the number of inputs; however, the gain is reduced as inputs are 
added to a practical op amp (see Problem 9.31). 


USI 


Fig. 9-4 Inverting summer amplifier 


Example 9.5. Find an expression for the output of the inverting summer amplifier of Fig. 9-4, assuming the basic 
op amp is ideal. 
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We use the principle of superposition. With vs) = vs; = 0, the current in R, is not affected by the presence of 
R, and R3, since the inverting node is a virtual ground (see Problem 9.1). Hence, the output voltage due to vg, is, by 
(9.5), Us, = —(Re/Ri)vs;. Similarly, vg. = —(Re/R2)vs2 and v,3 = —(Re/R3)vs3. Then, by superposition, 


Us1 , Us2 , US3 
Uo = Vol ele U92 a U93 = Ri( 3 t R as R 
1 2 3 


T 


9.7. DIFFERENTIATING AMPLIFIER 


The introduction of a capacitor into the input path of an op amp leads to time differentiation of the 
input signal. The circuit of Fig. 9-5 represents the simplest inverting differentiator involving an op amp. 
As such, the circuit finds limited practical use, since high-frequency noise can produce a derivative whose 
magnitude is comparable to that of the signal. In practice, high-pass filtering is utilized to reduce the 
effects of noise (see Problem 9.7). 


Fig. 9-5 Differentiating amplifier 


Example 9.6. Find an expression for the output of the inverting differentiator of Fig. 9-5, assuming the basic op 
amp is ideal. 

Since the op amp is ideal, vy © 0, and the inverting terminal is a virtual ground. Consequently, vs appears 
across capacitor C: 


But the capacitor current is also the current through R (since i;, = 0). Hence, 


dvs 
dt 


v, = —IpR = —igR = —RC 


9.8. INTEGRATING AMPLIFIER 


The insertion of a capacitor in the feedback path of an op amp results in an output signal that is a 
time integral of the input signal. A circuit arrangement for a simple inverting integrator is given in Fig. 
9-6. 


Example 9.7. Show that the output of the inverting integrator of Fig. 9-6 actually is the time integral of the input 
signal, assuming the op amp is ideal. 

If the op amp is ideal, the inverting terminal is a virtual ground, and vs appears across R. Thus, is = vs/R. 
But, with negligible current into the op amp, the current through R must also flow through C. Then 


1. 1. 1 
Vp = a | edt = = | isar= ae | vst 
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Fig. 9-6 Integrating amplifier 


9.9. LOGARITHMIC AMPLIFIER 


Analog multiplication can be carried out with a basic circuit like that of Fig. 9-7. Essential to the 
operation of the logarithmic amplifier is the use of a feedback-loop device that has an exponential 
terminal characteristic curve; one such device is the semiconductor diode of Chapter 2, which is char- 
acterized by 


ip = 1,(e?/""7 — 1) & 1, et!" (9.14) 


Fig. 9-7 Logarithmic amplifier 


A grounded-base BJT can also be utilized, since its emitter current and base-to-emitter voltage are 
related by 


ig = Ige’se/Vr (9.15) 


Example 9.8. Determine the condition under which the output voltage vu, is proportional to the logarithm of the 
input voltage v; in the circuit of Fig. 9-7. 
Since the op amp draws negligible current, 


i= 3 =), (9.16) 
Since vp = —v,, substitution of (9./6) into (9.14) yields 
vy, = RI,e lt (9.17) 
Taking the logarithm of both sides of (9.17) leads to 


Uo 


Inv; = In RI, — y 


(9.18) 
ip 


Under the condition that In RJ, is negligible (which can be accomplished by controlling R so that RJ, © 1), (9.18) 
gives vu, © —VyInv;. 
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9.10. FILTER APPLICATIONS 


The use of op amps in active RC filters has increased with the move to integrated circuits. Active 
filter realizations can eliminate the need for bulky inductors, which do not satisfactorily lend themselves 
to integrated circuitry. Further, active filters do not necessarily attenuate the signal over the pass band, 
as do their passive-element counterparts. A simple inverting, first-order, low-pass filter using an op amp 
as the active device is shown in Fig. 9-8(a). 


Asymptotic 
Bode plot 


1/sC 


—20 db/decade ————> 
slope 


(a) (b) 


Fig. 9-8 First-order low-pass filter 


Example 9.9. (a) For the low-pass filter whose s-domain (Laplace-transform) representation is given in Fig. 
9-8(a), find the transfer function (voltage-gain ratio) A,(s) = V,(s)/Vs5(s). (b) Draw the Bode plot (M,, only) 
associated with the transfer function, to show that the filter passes low-frequency signals and attenuates high- 
frequency signals. 


(a) The feedback impedance Z;(s) and the input impedance Z,(s) are 


R(I/sC) oR 


hao ae and = Z,(s) = R (9.19) 


Zr(8) = 


The resistive circuit analysis of Example 9.2 extends directly to the s domain; thus, 


Z (8) R/R 
Z\(s) sRC +1 


A,(s) (9.20) 


(b) Letting s = jw in (9.20) gives 
R 
My = 20 log |A,(jw)| = 20 log a 20 log | j@RC + 1| 
1 


A plot of M4, is displayed in Fig. 9-8(6). The curve is essentially flat below w = 0.1/RC; thus, all frequencies 
below 0.1/RC are passed with the de gain R/R;. A 3-db reduction in gain is experienced at the corner 
frequency 1/t = 1/RC, and the gain is attenuated by 20db per decade of frequency change for frequencies 
greater than 10/RC. 


9.11. FUNCTION GENERATORS AND SIGNAL CONDITIONERS 


Frequently in analog system design, the need arises to modify amplifier gain in various ways, to 
compare signals with a generated reference, or to limit signals depending on their values. Such circuit 
applications can often be implemented with the high-input-impedance, low-output-impedance and high- 
gain characteristics of the op amp. The possibilities for op amp circuits are boundless; typically, 
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however, nonlinear elements (such as diodes or transistors) are introduced into negative feedback paths, 
while linear elements are used in the input branches. 


Example 9.10. The signal-conditioning amplifier of Fig. 9-9 changes gain depending upon the polarity of vs. 
Find the circuit voltage gain for positive vs and for negative vs if diode Dy, is ideal. 


Rk; 


Fig. 9-9 


If vy > 0, then v, <0 and D, is forward-biased and appears as a short circuit. The equivalent feedback 
resistance is then 
RR; 
Rreg => 
Feq Ry +R; 


Reeq RR; 
R, Ri (Ry + R3) 


and, by (9.5), A, (9.21) 
If vy < 0, then v, > 0 and D, is reverse-biased and appears as an open circuit. The equivalent feedback 

resistance is now Rpg = R3, and 

_ Rreq ae R3 


A, = — 9.22 
iat ee (9.22) 


9.12. SPICE OP AMP MODEL 


Figure 9-1(a) presents the equivalent circuit model of the op amp using a VCVS to implement the 
gain. This circuit is easily realized by SPICE methods using the VCVS model of Fig. 1-2 and Table 1-1. 
It is frequently convenient to describe the op amp through use of a subcircuit as illustrated by the 
following netlist code: 


-SUBCKT OPAMP 1 2 3 4 
* Model Inv Ninv Out Com 
Rd 1 2 500kohm 


E 5 4(1,2) -le5 
Ro 5 3 1000hm 
- ENDS OPAMP 


The nodes are labeled in Fig. 9-1(a). Input impedance (Rz = 500 kQ), output impedance (R, = 100 Q), 
and open-loop voltage gain (4g, = —1 x 10°) are typical values that can be changed if an application 
warrants. Also, SPICE libraries usually contain subcircuit models of commercially available op amps 
that can be utilized. 
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Example 9.11. Use SPICE methods to model the noninverting amplifier of Fig. 9-3 if the op amp has the 
parameter values of the subcircuit OPAMP above. Let vs = 0.5 sin(2000z72) V, Ry = 1kQ, and R, = 10kQ. Verify 
that the voltage gain predicted by (9.7) results. 

Netlist code describing the circuit is shown below: 


Exo 1,€TR 

vs 10 SIN(OV 0.5V 1kHz) 

Rl 2 0 1kohm 

R2 3 2 10kohm 

XA 1 2 3 0 OPAMP 

-SUBCKT OPAMP 1 2 3 4 
‘ad Model Inv NInv Out Com 


Rd 1 2 500kohm 

E 5 4 (1,2) -le5 
Ro 5 3 1000hm 
-ENDS OPAMP 
-TRAN lus 2ms 

.- PROBE 

- END 


Execute (Ex9_11.CIR) and use the Probe feature of PSpice to plot Fig. 9-10. By use of the marked values of Fig. 
9-10, 


ao V(1) ° V(3) 


Time 
Fig. 9-10 
The voltage gain predicted by (9.7) is 
R 10 x 10° 
A,=14+—2 ia Lee FI 
R, 1 x 10 


Hence, (9.7) is validated. 
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Example 9.12. Model the first-order low-pass filter of Fig. 9-8(a) by SPICE methods where the op amp is 
characterized by the parameters of subcircuit OPAMP. Let R; = 1kQ, R= 10kQ, and C = 0.1 uF to give a corner 
frequency f, = 1/2mt = 1/2m7RC = 159.1 Hz. Show that the gain magnitude characteristic of Fig. 9-8(b) results. 

The netlist code that follows describes the circuit where a frequency sweep from 10 Hz to 10 kHz is specified to 
give a reasonable band on either side of the corner frequency /.: 


Ex9_12.CIR 

vs 10 AC 1V 

Rl 1 2 1kohm 

R 2 3 10kohm 

Cc 2 3 0.1uF 

XA 2 0 3 0 OPAMP 

-SUBCKT OPAMP 1 2 3 
‘a3 Model Inv NInv Out 
Rd 1 2 500kohm 

E 5 4 (1,2) -le5 

Ro 5 3 1000hm 

-ENDS OPAMP 

-AC DEC 200 10Hz 10kHz 

- PROBE 

- END 


Execute (Ex9_12.CIR) and use the Probe feature of PSpice to plot the gain magnitude My, as shown in Fig. 9-11. 
The low-frequency gain magnitude is seen to have the value predicted by the results of Example 9.9. 


10 x 10° 
May,_, = 20 log(R/R1) = 20 log i<a0eh 20 db 


M 20 nn nr errr eee ' 
a (159.1 Hz, 17 db) | 
1 ' 
Bo 
1 i) 
i ' 
i 1 
( ! 
t 1 
t 1 
1 1 
1 J 
t 1 
1 1 
1 1 
04 
1 1 
1 J 
1 4 
1 J 
1 1 
1 1 
1 ! 
i) 1 
1 a 
4 1 
i 1 
1 1 
t 1 
i] 4 
1 i) 
i 1 
-20 +--------------- atatatalaietattetaatetatata | 
10 Hz 1.0 KHz 100 KHz 

a DB(V(3)/V(1)) 

Frequency 
Fig. 9-11 


The gain magnitude has decreased from the low-frequency value of 20db to 17db (drop of 3db) at the corner 
frequency f, = 159.1 Hz. Clearly, the gain magnitude decreases by 20 db per decade of frequency for values of high 
frequency. Hence, the characteristic of Fig. 9-8(b) is verified. 
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Solved Problems 


For the inverting amplifier of Fig. 9-2: (a) Show that as Ap; > —oo, vg > 0; thus, the inverting 
input remains nearly at ground potential (and is called a virtual ground). (b) Show that the 
current feedback is actually negative feedback. 


(a) By KVL around the outer loop, 
Us — Up = 1 R, + ipRe () 


Using (9./) in (/), rearranging, and taking the limit give 


: : —iR, — ipRp + vs 
lim vg=_ lim — 
Ag,p>-00 Ag, >-% Aor, 


0 (2) 


(b) The feedback is negative if i; counteracts i,; that is, the two currents must have the same algebraic sign. 
By two applications of KVL, with vg ¥ 0, 
Us — Ug _, US 


i = xR and ip = 
R, R 


—U, +, —vu 
oO d ~ 0 


Rr Rr 


But in an inverting amplifier, v, and vs have opposite signs; therefore, i; and i, have like signs. 


(a) Use (9.4) to derive an exact formula for the gain of a practical inverting op amp. (bd) If 
R,; = 1kQ, Rp = 10kQ, Rg =1kQ, and Ag, = —10*, evaluate the gain of this inverting 
amplifier. (c) Compare the result of part b with the ideal op amp approximation given by (9.5). 
(a) Rearranging (9.4) to obtain the voltage-gain ratio gives 


Vo Aor 
vs 1+ (Ri /Re) — Aor) + Ri /Ra 


A, = 


(b) Substitution of the given values yields 


. —104 
° 14 (1/10). + 104) + 1/1 


9.979 


(c) From (9.5), 


so the error is 


—9.979 — (—10) 
—9.979 


(100%) = —0.21% 


Note that R, and Ag, are far removed from the ideal, yet the error is quite small. 


A differential amplifier (sometimes called a subtractor) responds to the difference between two 
input signals, removing any identical portions (often a bias or noise) in a process called common- 
mode rejection. Find an expression for v, in Fig. 9-12 that shows this circuit to be a differential 
amplifier. Assume an ideal op amp. 


Since the current into the ideal op amp is zero, a loop equation gives 


R Us, — Vo 
R+R, 


Vv, = Us — Ri, = vg 


By voltage division at the noninverting node, 
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In the ideal op amp, vg = 0, so that v; = v2, which leads to 


Ri 
Ug = R (vs2 — Vs1) 


Thus, the output voltage is directly proportional to the difference between the input voltages. 


9.4 


9.5 


9.6 


Fig. 9-12 Differential amplifier Fig. 9-13. Unity follower 


Find the input impedance Z, of the inverting amplifier of Fig. 9-2, assuming the basic op amp is 
ideal. 


Consider vy a driving-point source. Since the op amp is ideal, the inverting terminal is a virtual ground, 
and a loop equation at the input leads to 


vg=iR, +0 sothat Z,=S=R, 
1 


The uwnity-follower amplifier of Fig. 9-13 has a voltage gain of 1, and the output is in phase with 
the input. It also has an extremely high input impedance, leading to its use as an intermediate- 
stage (buffer) amplifier to prevent a small load impedance from loading a source. Assume a 
practical op amp having Ag, = —10° (a typical value). (a) Show that v, vs. (b) Find an 
expression for the amplifier input impedance, and evaluate it for Ry = 1 MQ (a typical value). 


(a) Writing a loop equation and using (9./), we have 


Us = Vo Ud = Vo 
° Aor 


7 Us Us wa 
from which MF 1/don 1410 > 0.999999u, © us 


(b) Considering vs a driving-point source and using (9./), we have 


Vs = linRa + Uo = linRa — Aotva = tinRaCl — Aoz) 
and 2,2" SR =A 45 8 = 1 SH 1 T 0 
; 


in 


Find an expression for the output v, of the amplifier circuit of Fig. 9-14. Assume an ideal op 
amp. What mathematical operation does the circuit perform? 
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R 
LAY 

R %2 
LAY) 

Vo 
R 
Fig. 9-14 


The principle of superposition is applicable to this linear circuit. With vs, = 0 (shorted), the voltage 
appearing at the noninverting terminal is found by voltage division to be 


—RiR I= 2 (1) 
Let v,, be the value of v, with vs; =0. By the result of Example 9.3 and (J), 


R R 
van (14g)e= (143) 9 


Similarly, with vs; = 0, 


By superposition, the total output is then 


1 R 
Vp = Uo, + U9. = 3(! +R ees + Us) 


The circuit is a noninverting adder. 


The circuit of Fig. 9-15(a) (represented in the s domain) is a more practical differentiator than that 
of Fig. 9-5, because it will attenuate high-frequency noise. (a) Find the s-domain transfer 


1/sC Ma 


10 


—-10 


—20 


Slope = —20 db/decade 
‘ Slope = 20 db/decade 


(a) (b) 


-30 


Fig. 9-15 
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function relating V, and Vs. (b) Sketch the Bode plot (M,, only), and how high-frequency noise 
effects are reduced. Assume an ideal op amp. 


(a) In an ideal op amp the inverting terminal is a virtual ground, so Js(s) = —J;(s). As in Example 9.9, 
R 
29) = ROH 

Vo(s) =sRC+1 

Th I-(s) = = —.— JV,(s 

en AN =F y= —R Vo) 

But V5(8) = Is(8)Zin(8) = —Ip(s) Zin (5) ene) V,(s) nee! 
. R sc 
VAC: sR 

whence A(s) ol) ne 


~ Vs(s) (sRC +19 
(b) From the result of part a, 


_ pce : ~ | 20logwRC for wRC <1 
My = 20 log |A(jw)| = 20 log aRC — 40 log | jwRC + 1| © | -WiogaRC for-aRC = 1 
Figure 9-15(4) is a plot of this approximate (asymptotic) expression for M,,._ For a true differentiator, 
we would have 


dvs 


pS 


V, =sKVs 

which would lead to My, = 20logwK. Thus the practical circuit differentiates only components of the 
signal whose frequency is less than the break frequency /, = 1/2mRC Hz. Spectral components above 
the break frequency—including (and especially) noise—will be attenuated; the higher the frequency, the 
greater the attenuation. 


9.8 In analog signal processing, the need often arises to introduce a /evel clamp (linear amplification 
to a desired output level or value and then no further increase in output level as the input 
continues to increase). One level-clamp circuit, shown in Fig. 9-16(a), uses series Zener diodes 
in a negative feedback path. Assuming ideal Zeners and op amp, find the relationship between v, 
and vs. Sketch the results on a transfer characteristic. 


Fig. 9-16 


272 OPERATIONAL AMPLIFIERS [CHAP. 9 


Since the op amp is ideal, the inverting terminal is a virtual ground, and v, appears across the parallel- 
connected feedback paths. There are two distinct possibilities: 


Case I: vg > 0. For v, < 0, Z> is forward-biased and Z, reverse-biased. The Zener feedback path is an 
open circuit until v, = —Vz,; then Z, will limit v, at —Vz, so that no further negative excursion is possible. 


Case IT: vs < 0. For vu, > 0, Z; is forward-biased and Z, reverse-biased. The Zener feedback path acts 
as an open circuit until v, reaches Vz, at which point Z, limits v, to that value. In summary, for both cases, 


R 
Vzr for Us < “R Vzr 
2 
Ry 1 1 
Y=) —R Us for —-— Vz7 S us S$ Vy 
1 ~ 2 
R 
= Vz for Vs > Vz 


7 


Figure 9-16(5) gives the transfer characteristic. 


9.9 The circuit of Fig. 9-17 is an adjustable-output voltage regulator. Assume that the basic op amp is 
ideal. Regulation of the Zener is preserved if iz > 0.1/7 (Section 2.10). (a) Find the regulated 
output v, in terms of Vz. (b) Given a specific Zener diode and the values of Rs and Rj, over 
what range of Vs would there be no loss of regulation? 


+Vz 


Fig. 9-17 


(a) Since Vz is the voltage at node a, (9.5) gives 


So long as iz > 0.1/7, a regulated value of v, can be achieved by adjustment of R>. 


(b) Regulation is preserved and the diode current iz = is — i, does not exceed its rated value J, if 


O.llz <is — i) < Iz or O.llz < 


R Rs 
or 0.1r2Rs + (143°) Vz< Vs <12Rs+ (1435) Vz 
r 


9.10 The circuit of Fig. 9-18(q) is a limiter; it reduces the signal gain to some limiting level rather than 
imposing the abrupt clamping action of the circuit of Problem 9.8. (a) Determine the limiting 
value V; of v, at which the diode D becomes forward-biased, thus establishing a second feedback 
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Fig. 9-18 


path through R;. Assume an ideal op amp and a diode characterized by Fig. 2-2(a). (6) Deter- 
mine the relationship between v, and vs, and sketch the transfer characteristic. 


(a) The diode voltage vp is found by writing a loop equation. Since the inverting input is a virtual ground, 
Up appears across Ry and 


V—U, 


Up = —U, — 13R3 = Vo 1 
D R= %— RoR () 
When vp = 0, vy = Ve, and (/) gives 
R 
V,=-—V (2) 
Ry 
(b) For v, > V~, the diode blocks and R, constitutes the only feedback path. Since i, = i, 
Us Vo 
ed 3 
R, RB (3) 


For v, < V,, the diode conducts and the parallel combination of R, and R3 forms the feedback path. 


Since now i) = +43 +i, 
Us Vo Vo V 
a 1 4 
R, (z te) @) 


Ry RR; 


“a Us for us < BR; V 
= 
2 R R R R R,R 
Ry + R; Ry Ry + R; R4 RyRy 


This transfer characteristic is plotted in Fig. 9-18(d). 


9.11 What modifications and specifications will change the circuit of Fig. 9-16(a) into a 3-V square- 
wave generator, if v; = 0.02 sinwtV? Sketch the circuit transfer characteristic and the input and 
output waveforms. 
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Modify the circuit by removing R>, and specify Zener diodes such that Vz; = Vz =3V. The transfer 
characteristic of Fig. 9-16(5) will change to that of Fig. 9-19(a). The time relationship between vs and v, will 
be that displayed in Fig. 9-19(d). 


0.02 


(a) (b) 


Fig. 9-19 


9.12 Design a first-order low-pass filter with dc gain of magnitude 2 and input impedance 5kQ. The 
gain should be flat to 100 Hz. 


The filter is shown in Fig. 9-8. For an ideal op amp, Problem 9.4 gives Z, = R; =5kQ. The dc gain is 
given by (9.20) as A(0) = —R/R,, whence R = 2R; = 10kQ. Figure 9-8(b) shows that the magnitude of the 
gain is flat to w = 0.1/RC, so the capacitor must be sized such that 

0.1 0.1 


cee = 15.9nF 
InfR  2n(100)(10 x 10°) ' 


9.13. The analog computer utilizes operational amplifiers to solve differential equations. Devise an 
analog solution for i(t), t > 0, in the circuit of Fig. 9-20(a)._ Assume that you have available an 
inverting integrator with unity gain (R,C; = 1), inverting amplifiers, a variable dc source, and a 
switch. 


For ¢ > 0, the governing differential equation for the circuit of Fig. 9-20(a) may be written as 
-yz=-7 +7! (1) 


The sum on the right side of (/) can be simulated by the left-hand inverting adder of Fig. 9-20(5), where 
Uo, = —di/dt and where R, and R; are chosen such that R3/R, = R/L. Then v,. = — f v4) dt will be an 
analog of i(t), on a scale of 1 A/V. 


9.14 Find the relationship between v, and v; in the circuit of Fig. 9-21. 


Since the inverting terminal is a virtual ground, the Laplace-domain input current is given by 


p= V; _ VisRC + 1) 
" R+(RI1/sC) sR?C +2R 


With zero current flowing into the op amp inverting terminal, current division yields 


L/sC 1 VAsRC+1)_ OV; 


bh=h= (= 
oT R+1/sC 1 sRC+1 R(SRC+2) R(sRC+2) 
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Again, because the inverting terminal is a virtual ground, 


he Vz __ sC(sRC + 4) 
3 1 ‘ TR 4RC+2) ° 
sC/2 sC/2}] 2 
and, by current division, 
—R/2 —sRC sC(sRC +4) -sRCY, 


> Q/sC+R/2 > sRC+4 AsRC+2) ° A(sRC +2) 
Equating the two expressions for J, yields a Laplace-domain expression relating V, and V;: 


4 
Vo = oo I’; 1 
ss SRC! ” 


or, after inverse transformation, 


276 


OPERATIONAL AMPLIFIERS 


[CHAP. 9 


9.15 The circuit of Fig. 9-22 is, in essence, a noninverting amplifier with a feedback impedance Zy and 
is known as a negative-impedance converter (NIC). Find the Thévenin or driving-point impe- 


9.16 


dance to the right of the input terminals, and explain why such a name is appropriate. 


Fig. 9-22 


At the inverting node, the phasor input current is given by 


L=Ts= Vi- Vo 
iT 4N — Zi 
so that Vi, =V;-1Zn 
‘ Vie—-V; V; 
Since V; * 0, Ip=—? -=Ip=— 
Zp 
Z 
so that V, => V,4V; 


If (/) and (2) are equated and rearranged, they result in 


V; Z 
fe -7, 7 
i P 


W) 


(2) 


(3) 


Observe that if Zp = Zy, then the impedance Z appears to be converted to the negative of its value; 


hence the name. See Problem 9.16 for another example. 


(a) Describe a circuit arrangement that makes use of the NIC of Problem 9.15 and Fig. 9-22, with 
only resistors and capacitors, to simulate a pure inductor. (b) If only four 10-kQ resistors and a 
0.01-uF capacitor are available for use in the circuit, determine the value of LZ that can be 


simulated. 


(a) Consider the circuit of Fig. 9-23. According to (3) of Problem 9.15, 


, Zz R 
Zin =—Z=-—R=-R 
Zp 
Z R 
and ZN = os Z= 7st | R) = sR°C = SLeq 
fp f 


(b) The value of Le, is 


Leg = R°C = (10*)°(0.01 x 107°) = 1H 
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9.17 The logarithmic amplifier of Fig. 9-7 has two undesirable aspects: V; and J, are temperature- 
dependent, and In RJ, may not be negligibly small. A circuit that can overcome these short- 
comings is presented in Fig. 9-24. Show that if Q; and Q> are matched transistors, then v, is 
truly proportional to Invs. 


Fig. 9-24 


In matched transistors, reverse saturation currents are equal. By KVL, with v, ~ 0, 
V2 = UBE? — UBF (/) 
Taking the logarithm of both sides of (9.75) leads to 


I 
UBE = Vrin 5 (2) 
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Now the use of (2) in (/), with Ic © Ip, gives 


Vi Ie 
Vein {= Vp In © (3) 
Ts Tez 


I 
V2 = Vr In a 
Ss 


According to (J), v2 is the difference between two small voltages. Thus, if Vp is several volts in magnitude, 
then v. < Vp, and 


Vr — U9 Vr 
To XI p= ee 4 
c2 © Leg Ry R (4) 
Also, since v; * 0, 
Us UL US 
Iq ® Ip, = FS 5 
cl © fe R R, (5) 
Thus, by (9.7) along with (3) to (5), 
Ry + Ry R3+ Ry, Ler Ry R 
=— =-—V I =-Vr(14 In: I 4 
Uo Ry Vv? oe. n Te a nus — In Ro (6) 


The selection of (R;/R)Vpz = 1 forces the last term on the right-hand side of (6) to zero. Also, R; can be 
selected with a temperature sensitivity similar to that of V;, to offset changes in V7. Further, it is simple to 
select R4/R3 >> 1, so that (6) becomes 


4 
vo ¥ —Vr p Invs 
3 


The circuit of Fig. 9-25 is an exponential or inverse log amplifier. Show that the output v, is 
proportional to the inverse logarithm of the input v;. 


Fig. 9-25 


Since the input current to the op amp is negligible, 
ig ® ip =1,e°0/™"7 
oO 


But since the inverting terminal is a virtual ground, vp = v;.. Thus, 


, _ Uj 
Up = —ipR © —RI,e"!"? = —RI, In"! We 
T 


Having now at your disposal a logarithmic amplifier (Example 9.8 and Problem 9.17) and 
an exponential (inverse log) amplifier (Problem 9.18), devise a circuit that will multiply two 
numbers together. 
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Logarithmic 
amplifier 


C(log V, + log V3) 


Summer Exponential 


amplifier amplifier 


Logarithmic 
amplifier 


Fig. 9-26 


In x+In y 


Since xy = e , the circuit of Fig. 9-26 is a possible realization. 
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9.20 Two identical passive RC low-pass filter sections are to be connected in cascade so as to create a 


9.21 


double-pole filter with corner frequency at 1/t = 1/RC. 


(a) Will simple cascade connection of 


these filters yield the desired transfer function T(s) = (1/t)’/(s + 1/1)°? (b) If not, how may the 
desired result be realized? 


) 


(0) 


(a) Find the transfer function for the circuit of Fig. 9-28. 


With simple cascading, the overall transfer function would be 


eT (1/ty 
Vi 2 431 /t)s + (1/0)* 


which has two distinct negative roots. The desired result is not obtained because the impedance 
looking into the second stage is not infinite, and thus, the transfer function of the first stage is not 


simply (1/t)/(s + 1/r). 


The desired result can be obtained by adding a unity follower (Fig. 9-13) between stages (see Problem 


9.44), as illustrated in Fig. 9-27. 


(b) In control theory, there is a 


compensation network whose transfer function is of the form (s+ 1/t,)/(s+ 1/t); it is called 
a lead-lag network if 1/t, < 1/t, and a lag-lead network if 1/t) < 1/t,. Explain how the circuit 
of Fig. 9-28 may be used as such a compensation network. 
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(a) By extension of (9.5), 
Ra 
V, Zy SR5C> + 1 Cc S+ 1/t, 
T(s) = = = == = 1 
(9) Vs Z| R Cy S+ 1/tm ( ) 
sR, C, + 1 


where T= RC, and h= RxC. 


(6) To obtain unity gain, set C} = C). To obtain a positive transfer function, insert an inverter stage either 
before or after the circuit. Then, the selection of R,; > Ry yields 1/t, < 1/t, giving the lead-lag 
network, and R, < R> results in 1/t, < 1/t,, giving the lag-lead network. 


Fig. 9-29 


Show that the transfer function for the op amp circuit of Fig. 9-29 is v,/v; = 1. 


Because the op amp draws negligible current, i= 0. Hence, v»=v;. However, since vg ~ 0, 
v, © Uv) = v; and 


Also, by the method of node voltages, 


Thus, v; = v, and so v,/v; = 1. 


Use an op amp to design a noninverting voltage source (see Problem 9.9). Determine the 
conditions under which regulation is maintained in your source. 


Simply replace the inverting amplifier of Fig. 9-17 with the noninverting amplifier of Fig. 9-3. Since the 
op amp draws negligible current, regulation is preserved if Vy and Rg are selected so that iz remains within 
the regulation range of the Zener diode. Specifically, regulation is maintained if 0.1/7 < Vs/Rs < Iz. 


For the noninverting amplifier of Fig. 9-3: (a) Compare the expressions obtained for voltage 
gain with common-mode rejection (Example 9.4) and without (in the ideal amplifier of Example 
9.3), for Ag, — —oo. (b) Show that if CMRR is very large, then it need not be considered in 
computing the gain. 
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9.25 


9.26 


(a) We let Ag; > —oco in (9./3), since that is implicit in Example 9.3: 


lm A,= lim Aor pee nou MEE ] 
Agu —00 Aor>—o | 1 — Aor Ri /(Ri + R) 1— Aoi Ri /(Ri + Ry) 
=14 t 14 1 
Ry cian | 2) “) 
Now we can compare (/) above with (9.7); the difference is the last term on the right-hand side of (/) 


above. 
(b) Let CMRR — ov in (J) above to get 


i Ry 
ntti. Av = EPR 
AQL>-* 


which is identical to the ideal case of Example 9.3. 


The amplifier of Fig. 9-9 has been shown in Example 9.10 to be a signal-conditioning amplifier 
with gain sensitive to the polarity of vs. Use SPICE methods to simulate this amplifier if 
R,; = 10kQ and R, = R3 = 20kQ. Use the op amp model of Section 9.12. The ideal diode 
can be realized by specifying the emission coefficient n = 1 x 107!°. Use the simulation results to 
validate (9.2/) and (9.22). 


The netlist code that describes the circuit is as follows: 


Prb9_25.CIR 
SIN( OV 0.5V 1000Hz ) 
10kohm 
20kohm 
DMOD 
20kohm 
3 0 OPAMP 
T OPAMP 1 2 3 4 
Model Inv NInv Out Com 
1 2 500kohm 
5 4 (1,2) -le5 
o 5 3 1000hm 
-ENDS OPAMP 
-MODEL DMOD D(n=le-10) ; Ideal diode 
-TRAN lus 2ms 
. PROBE 
- END 


Execute (Prb9_25.CIR) and use the Probe feature of PSpice to yield Fig. 9-30 where it is seen that for vs > 0, 
A, = —0.5/0.5=-—1. By (9.21), the predicted gain is 


RoR; (20 x 10°)(20 x 10°) 


= =-1 
R\(Ry+R3) (10 x 10°)(20 x 10° + 20 x 103) 


A, a 


Thus, (9.2/) is validated. 
From Fig. 9-30 for vs < 0, A, = —1/0.5 = —2. By (9.22), the expected gain is 


Ry 20 x 10° 


= = 2 
R, 10 x 103 


Hence, (9.22) is also validated. 


Add an inverting amplifier (see Fig. 9-2) to the output for the circuit of Fig. 9-28 to give a positive 
transfer function. Select the resistor values for this inverting amplifier to adjust the low- 


282 OPERATIONAL AMPLIFIERS [CHAP. 9 


Cas 


( 
1 
t 
' 
1 
1 
i} 
o) 
1 
4 
t 
t 
t 


0.5 V4 
: 
i) 
1 
1 
t 
i) 
-o.ov4 
i) t 
( t 
i) ' 
1 ' 
1 1 
1 t 
1 1 
i) ] 
1 1 
1 1 
-0.5 V4--4------\--- Greener Sees | 100 Hz 100 KHz 10 MHz 
Os 1.0 ms 2.0ms a P(V(5) /V(1)) 
56 V(1l) ¢ V(3) Frequency 
Time 
Fig. 9-30 Fig. 9-31 


frequency voltage gain of the complete network to unity. Let C; = C, = 0.001 uF, R, = 500kQ, 
and Ry, = 15kQ. Then from Problem 9.21, 1/t; =1/R,;C; =2~x 10° rad/s > 1/m= 
1/R,C> = 66.7 krad/s, making the circuit a lag-lead network. Use SPICE methods to generate 
the Bode plot of this circuit over the frequency range from 100 Hz to 10 MHz. The op amp model 
of Section 9.12 is applicable. 


Netlist code describing the circuit is shown below: 


Prb9_26.CIR 

vs 10 AC 1V 

R1 500ohm 

cl 0.001uF 

R2 15kohm 

C2 0.001uF 

X1 3 0 OPAMP 

* Inverting amplifier to set 
* dc gainto unity 

R3 3 4 15kohm 

R4 4 5 5000hm 

X2 4 0 5 0 OPAMP 

-SUBCKT OPAMP 1 2 3 4 
ix Model Inv NInv Out Com 
Rd 1 2 500kohm 

E 5 4 (1,2) -le5 

Ro 5 3 100hm 

-ENDS OPAMP 

-AC DEC 250 100Hz 10MegHz 
- PROBE 

.- END 


Execute (Prb9_26.CIR) and use the Probe feature of PSpice to generate the gain magnitude plot (Mdb) and 
the phase plot (Phi) shown in Fig. 9-31. Notice that the phase angle plot begins to lag toward —90° at 0.1/t 
and then moves in a leading sense back to 0° at 10/t,.. Thus, the lag-lead characteristic is exemplified. 
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9.27 


9.28 


9.29 


9.30 


9.31 


9.32 


Supplementary Problems 


For the noninverting amplifier of Fig. 9-3, (qa) find an exact expression for the voltage-gain ratio, and 
(b) evaluate it for R; = 1kQ, Ry = 10kQ, Ry = 1kQ, and Ag, = —10*. (c) Compare your result in part 5 
with the value produced by the ideal expression (9.7). 
Ry + R> : 
_ R, Ry ms +R,’ 
'AorRa Aor 
(c) Ayideat = 11, fora +0.21% difference 


Ans. (a) Ay = (b) 10.977; 


In the first-order low-pass filter of Example 9.9, R = 10kQ, Rj = 1kQ, and C =0.1 uF. Find (a) the gain 
for de signals, (b) the break frequency /; at which the gain drops off by 3db, and (c) the frequency /, at 
which the gain has dropped to unity (called the unity-gain bandwidth). 

Ans. (a) —10; (6) 159.2Hz; (c) 1583.6 Hz 


The noninverting amplifier circuit of Fig. 9-3 has an infinite input impedance if the basic op amp is ideal. If 
the op amp is not ideal, but instead Ry = 1 MQ and 4g, = —10°, find the input impedance. Let R) = 10kQ 
and R; = 1kQ. Ans. 1TQ 


Let Rj = Ry = R3 = 3R; in the inverting summer amplifier of Fig. 9-4. What mathematical operation does 
this circuit perform? Ans. Gives the negative of the instantaneous average value 


An inverting summer (Fig. 9-4) has n inputs with Rj = Ry) = R3 =---=R, =R. Assume that the open- 
loop basic op amp gain Ag, is finite, but that the inverting-terminal input current is negligible. Derive a 
relationship that shows how gain magnitude is reduced in the presence of multiple inputs. 


Up Rp/R 
Ans. A, = =— 
ue n Us] + Us + °°: Usp _ nRe 
(R+ lAor 


For a single input vs), the gain is A;._ For the same input vs; together with n — 1 zero inputs vg) = --- = 
Us, = 0, the gain is A,. But since Ag, < 0,|A,| < |A;| forn > 1 


The basic op amp in Fig. 9-32 is ideal. Find v, and determine what mathematical operation is performed by 
the amplifier circuit. Ans. Vp = (1+ Ro/R})(vs2 — Vs}), a subtractor 


Ry 
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Describe the transfer characteristic of the level-clamp circuit of Fig. 9-16(a) if diode Z, is shorted. 
Ans. Let Vz. = 0 in Fig. 9-16(5) 


Find the gain of the inverting amplifier of Fig. 9-33 if the op amp and diodes are ideal. 
Ans. A, = —R/R, for vs > 0; A, = —R3/R, for vs < 0 


9.35 


9.36 


9.37 


9.38 


9.39 


Fig. 9-33 Fig. 9-34 


The op amp in the circuit of Fig. 9-34 is ideal. Find an expression for v, in terms of vg, and determine the 
function of the circuit. Ans. Up = (2/R,C) J vg dt, a noninverting integrator 


If the nonideal op amp of the circuit of Fig. 9-35 has an open-loop gain Ag, = —10*, find v,. 
Ans. 0.9999E, 


Fig. 9-35 


How can the square-wave generator of Problem 9.11 be used to make a triangular-wave generator? 
Ans. Cascade the integrator of Fig. 9-6 to the output of the square-wave generator 


Describe an op amp circuit that will simulate the equation 3v, + 2v. + v3 = vp. 
Ans. The summer of Fig. 9-4, with Re/R; = 3, Re/R. = 2, and R-/R3 = 1, cascaded into the inverting 
amplifier of Fig. 9-2, with R-/R,; = 1 


The circuit of Fig. 9-36 (called a gyrator) can be used to simulate an inductor in active RC filter design. 
Assuming ideal op amps, find (a) the s-domain input impedance Z(s) and (b) the value of the inductance 
that is simulated if C = InF, R; = 2kQ, Ry = 100kQ, and R3 = Ry = 10kQ. 

Ans. (a) Z(s)=8R,R,R3C/Ry; (6) 200mH 
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9.40 


9.41 


9.42 


9.43 


9.44 


Fig. 9-36 


For the double integrator circuit of Problem 9.14, if the output is connected to the input so that v; = v,, an 
oscillator is formed. Show that this claim is so, and that the frequency of oscillation is f = 1/mRC Hz. 
[Hint: Replace V, with V; in (7) of Problem 9.14 to get an expression of the form V; f(s) = 0.] 


In the logarithmic amplifier circuit of Fig. 9-7, v, must not exceed approximately 0.6 V, or else ip will not be 
a good exponential function of vp. Frequently, a second-stage inverting amplifier is added as shown in Fig. 
9-7, so that v; is conveniently large. If the second-stage gain is selected to be A, = —Re/R, = —1/Vr, then 
its output becomes v, = Inv;. In the circuit of Fig. 9-7, vp is exponential for 0 < ip < 1mA, 0 < v; < 10V, 
and J, = 100pA. Size R, Rr, and R, so that v; is as given above. 

Ans. R=10mQ; arbitrarily select R; = 1kQ, and then Rp = 38.46kQ 


In the logarithmic amplifier of Fig. 9-24, let uy =5V,Vp = 10V, Rj = 1kQ, Ry = 10kQ, Rz = 1kQ, and 
Ry =50kQ. The matched BJTs are operating at 25°C, with V7 = 0.026V. Find (a) uv and (bd) vu, (see 
Problem 9.17). Ans. (a) —41.8mV; (6) —2.13V 


Having at your disposal a logarithmic amplifier and an exponential amplifier, devise a circuit that will 
produce the quotient of two numbers. (Hint: x/y = e™*"™”) Ans. See Fig. 9-37 


Logarithmic amplifier 


C(ln V, -In Vy) 


—k(In V) 
Exponential amplifier 


Logarithmic amplifier 


Fig. 9-37 


The unity follower of Fig. 9-13 is the noninverting amplifier of Fig. 9-3 if R; > co and Ry > 0. (a) Find 
the output impedance R,,, of the noninverting amplifier of Fig. 9-3 subject to the approximation i; = 0. 
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Model the op amp with the practical equivalent circuit of Fig. 9-1(a). (b) Let R; > co and R, — 0 in your 
answer to part a, to find the output impedance of the unity follower. 
Ans. (a) Rout = RR + Ry)/[R, + Ry + Ri = Aoz)|: (b) Rout ~ R/U _ Aoz) 


The circuit of Fig. 9-28 is to be used as a high-pass filter having a gain of 0.1 at low frequencies, unity gain at 
high frequencies, and a gain of 0.707 at 1 krad/s. Arbitrarily select C) = C, = 0.1 wF, and size R,; and R>. 
Ans. Ry, = 100kQ, Rp = 10kQ 


Find the transfer function for the circuit of Fig. 9-38, and explain the use of the circuit. 
Ans. T(s) = 1/(sRC + 1), a low-pass filter with zero output impedance 


Fig. 9-39 


For the circuit of Fig. 9-39, show that J, = —(1 + R,/R>)J;, so that the circuit is a true current amplifier. 
(Note that J, is independent of R;.) 


If the noninverting terminal of the op amp in Fig. 9-29 is grounded, find the transfer function v,/v;. 
(Compare with Problem 9.22.) Ans. v,/v; = —1 


Devise a method for using the inverting op amp circuit of Fig. 9-2 as a current source. 
Ans. Let Jp be the output current; then ip = i, = vs/R, regardless of the value of Rr 


A noninverting amplifier with gain A,, = 21 is desired. Based on ideal op amp theory, values of R; = 10kQ 
and R, = 200kQ are selected for the circuit of Fig. 9-3. If the op amp is recognized as nonideal in that 
Ao, = —10* and CMRR 4» = 40 db, find the actual gain A,, = v,/0. Ans. A, = 21.17 


Use SPICE methods to simulate the differential amplifier of Fig. 9-12. Let R; = R= 10kQ for a unity gain. 
Use the op amp model of Section 9.12. Apply signals vs; = sin(2000z72) V and vs = 2 sin(2000z:1) V to show 
that the circuit is indeed a differential amplifier yielding v, = vs. — vs; = sin(2000zt) V. (Netlist code 
available from author’s website.) 


Use SPICE methods to simulate the circuit of Fig. 9-36 with values of Problem 9.39. Apply a 1-kHz 
sinusoidal source and verify that the input impedance Z = 1256.7290° = j27(1000)(0.200) Q; thus, the circuit 
does, in fact, simulate a 200-mH inductor as predicted by Problem 9.39. (Netlist code available from author's 
website.) 


CHAPTER 10 


Switched Mode Power 
Supplies 


10.1. INTRODUCTION 


A switched mode power supply (SMPS) is a dc—de converter with an unregulated input dc voltage and 
a regulated output voltage. The converter circuitry consists of arrangements of inductor, capacitors, 
diodes, and transistors. The transistors are switched between the ON state (saturation) and the OFF 
state (cutoff) at rates that typically range from 10kHz to 40kHz. Regulation of the output voltage is 
realized by control of the percentage of time that the transistor is in the ON state. The SMPS efficiency 
is significantly higher than that of the so-called linear power supplies that realize output voltage control 
by active region operation of the transistors. 

The material of this chapter will be limited to steady-state operation covering the common case of 
continuous inductor current. 


10.2. ANALYTICAL TECHNIQUES 


Although numerous circuit topologies exist for SMPS, certain analysis techniques are universally 
applicable. Clear understanding of the results significantly simplifies analysis of the various SMPS 
arrangements. Notation adopted for analysis uses lowercase v and i for instantaneous values and upper 
case V and J for average values (dc quantities). 


Inductor Voltage and Current 


Consider the current 7 flowing through the inductor L of Fig. 10-1(a). If vc changes insignificantly 
over an interval of interest (good approximation of C is sufficiently large) so that u¢(t) ~ Vc, then 


di 


vn) = Ve—Ve= Lb (10.1) 
Whence, 
i(t) _ t 
| a= =£ | dt 
(0) L 0 
287 
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i(t)A i(t) 
i(0) 
Vp —Ve 
i(0) 1 Z 
0 
t 
uy (ta v(t) 
Va—-Ve 
0 > 
t 
= Vo 
(b) 
Fig. 10-1 
or 
Vu=Ve 
i(t) = i(0) + — t (10.2) 


From (/0./) and (/0.2), it is seen that the inductor voltage is constant and that the inductor current is a 
straight line segment as shown by Fig. 10-1(0). 


Example 10.1. Let V’; =0 and inductor current 7 have a nonzero initial value for the circuit of Fig. 10-1(a). 
Assume that vc changes insignificantly over the interval of interest, and determine the nature of uv, and i. 
By KVL, 


di 
ut) =—Ve=HL a (/) 
From (J), it follows that 
i(t) t 
| di= ars | dt 
i(0) L Jo 
or 
V 
i() = (0) - "4 (2) 


From (/) and (2) it is concluded that the inductor voltage is constant and that the inductor current is a straight line 
segment, as shown by Fig. 10-1(c). 
Average Inductor Voltage 


Consider the case of an inductor L that carries a periodic current i,;(t), so that over a period T,, 
i,(0) =i,(T,). The average value of inductor voltage is given by 


1% 1% di, L fie? 
Vi= == It = L It = di, = 10. 
ee T, | ipa I ( i)! T Ji a oe 


AY 


As long as the inductor current i; is periodic, the average value of voltage across the inductor is zero. 
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Average Capacitor Current 


Consider the case of a capacitor C for which the capacitor voltage u(t) is periodic over T, so that 
vc(0) = uc(T,). The average value of current through the capacitor is found as 


; 1h. 1% duc C ict) 
Ic = (ic) = - | Ic dt = Tr | (c Pau = va i duc =0 (10.4) 


As long as the capacitor voltage uc is periodic, the average value of current through the capacitor is zero. 


10.3. BUCK CONVERTER 


The SMPS circuit of Fig. 10-2, known as a buck converter, produces an average value output voltage 
Vz = (vy) < V;. The duty cycle D is defined as the ratio of the ON time of transistor Q to the switching 
period T, = 1/f, (switching frequency). When the ideal transistor Q is ON, vp = V;. Conversely, when 
Q is OFF, continuity of current through inductor L requires that diode D be in the forward conducting 
state; thus, vp = 0 for the ideal diode. Thus, vp is a rectangular pulse of duration DT, with period T,. 


+, Ef @ 


@— Q @ OOO rs 
wa eae 
y,. D C= : SR, 
tin 
@ 


i 
\ 


[L* 


If capacitor C is large, reasonable approximations are that the time-varying component of i, flows 
through C and that the voltage across the load resistor R; is constant. Since Q is switched periodically, 
voltage vy and current ic are periodic once initial transients die out. 

As a consequence of the above approximations, v,; and i; can be appropriately determined by (/0./) 
and (10.2), respectively, when Q is ON and by (/) and (2) of Example 10.1 when Q is OFF. Figure 10-3 
displays the resulting waveforms for diode voltage up, inductor current i,, inductor voltage v,, and 
capacitor current ic. The positive volt-second area of v; must be equal in value to its negative volt- 
second area so that (vy) =0. Asa result of (/0.4), current ic must be the time-varying component of i,. 

Based on (/0.3) and the v,; waveform of Fig. 10-3, 


(V, — V2)DT, = V2(1 — D)T; 


Fig. 10-2. Buck converter 


Rearrangement gives the buck converter voltage gain as 
a 

The common case of continuous current i, exists only if L is sized sufficiently large. Let L = L,, the 
critical inductance that results in marginally continuous i,. For this case, [pin = 0 in Fig. 10-3. Since 
i,(0) = 0, application of (/0.2) yields 


Cy D (10.5) 


V,—-V: 
i= —t 0<t<DT, 
Ey 
Evaluate for t= DT, and use (/0.5) to find 
V,-V: V1 — D)T, 
(Ot. -— or 


L, im 
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~ Uz ~Lmin) 


Fig. 10-3. Buck converter waveform 


For this triangular waveform, under the assumption that the ac component of i, flows through C and 
the de component of i, flows through R,, 

1 V1 — D)T, 

2 max —_ aL 


However, J, = V2/R, which can be equated to the above expression for J,._ Rearrangement of the result 
gives 


h= 


C 


1 — Rud =D)T, _ Ri - D) 


¢ 5 77 (10.6) 


Example 10.2. A buck converter having a switching frequency of 25 kHz is to be operated with a duty cycle such 
that 0.1< D<1. The load is described by R; =5Q. Determine the value of critical inductance L = L, so that 
current i; is continuous. 

The critical inductance must be determined for the minimum value of duty cycle. By (0.6), 


_ R= D)_ (61 =0.1) 


L. — 
é 2, 2(25 x 10? 


90 wH 


10.4. BOOST CONVERTER 


The boost converter SMPS circuit of Fig. 10-4 produces an average value output voltage 
Vz = (v2) > Vi. When the ideal transistor Q is ON, vg = 0. Conversely, when Q is OFF continuity 
of current through inductor L requires that ideal diode D be in the forward conducting state. With 
Up = 0,vg = V. Thus, vg is a rectangular pulse with a delay of DT, and duration (1 — D)T,. 

If capacitor C is large, reasonable approximations are that the time-varying component of ip flows 
through C and that the voltage across the load resistor R; is constant. Due to periodic switching of Q, 
voltage v, and current ic are periodic once initial transients die out. 
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Fig. 10-4 Boost converter 


As a consequence of the above approximations, v; and i, can be appropriately determined by (/0./) 
and (/0.2) when Q is OFF and by (/) and (2) of Example 10.1 when Q is ON (replace Vc with —V). 
Diode current ip must be equal to 7; when Q is OFF. Since load current J, is the average value of ip, 
ic =ip—1h. Figure 10-5 displays the resulting waveforms for vg, iz, vz, ip, and ic. 

Based on (/0.3) and the v,;, waveform of Fig. 10-5, 


VDT, =(V2 — Vi) — DT, 


Is =I, 


Fig. 10-5 Boost converter waveform 
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Rearrangement finds the ideal boost converter voltage gain as 
bv 1 


=F TaD 


(10.7) 
Unlike the buck converter, the boost converter gain is not a linear function of D. From (/0.7), the ideal 
gain approaches infinity as D approaches |. When parasitic resistances of the inductor and capacitor 
are considered, the actual gain (Gj) departs significantly from the ideal gain for values of D > 0.8. (See 
Problem 10.11.) 

The common case of continuous current i, exists only if the value of L > L, (critical inductance) 
that results in marginally continuous conduction for iz. For this case, [pin = 0 in Fig. 10-5 and 
ip(0) =0. By application of (/0.2), 


V 
post WCet2HT, 
< 
Evaluate for t= DT, and use (/0.7) to find 
Vi V,(1 — D) 
DT, = DT, 
L RY L S 


c 


i,(DT,) = ip(DT;) = Tmax = 


For the triangular ip waveform, 
1 G—D)T, _ V: 
Ih = lip) = 5 Imax —— = 5 


Ss 


D(1 — D)’T, 


; 
But J, = V,/R,, which can be equated to the above expression for 4. After rearrangement, 


(1—D)DT,R, _(1— D)’DR, 
7 2 OF 


L. (10.8) 


Example 10.3. A boost converter with a 20-kHz switching frequency is operating with a 50 percent duty cycle. 
The connected load is 7Q. Determine the value of critical inductance so that current i, is continuous. 
By (0.8), 


p= DYDR, _ (1—0.5)°(0.5)(7) _ 
‘ 2f, 2(20 x 103) 


21.9 nH 


10.5. BUCK-BOOST CONVERTER 


The SMPS circuit of Fig. 10-6 is a buck-boost converter. The value of output voltage for this 
converter may either be less than or greater than the input voltage, depending on the value of duty cycle 
D. Unlike the buck and boost converters, the buck-boost converter produces an output voltage with 
polarity opposite to input voltage V,;._ The polarity of v. and the direction of J, in Fig. 10-6 are chosen 
so that Vy = (vu) > 0 and J, = 0. 
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Fig. 10-6 Buck-boost converter 
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For a large value of capacitor C, reasonable approximations are that the time-varying component of 
ip flows through C and that the voltage across R; is constant. For periodic switching of Q, voltage vu, 
and current ic are periodic after initial transients subside. 

As a direct consequence of the preceding approximations, v, and i, can be appropriately determined 
by (0.7) and (/0.2) when Q is ON (let Vc = 0) and by (/) and (2) of Example 10.1 when Q is OFF. 
Since load current J, is the average value of ip, ic = ip — 1. Figure 10-7 shows sketches of the resulting 
waveforms for v,, i, ic, and ip. 


(D+) Ts 


oy 


oy 


DTs Ts (D+1)Ts 2Ts 


Fig. 10-7 Buck-boost converter waveforms 


Based on (/0.3) and the v, waveform of Fig. 10-7, 
VDT, = V1 — D)T, 
Rearrangement gives the ideal buck-boost converter voltage gain as 


Vo OD 

Gy = vy 12D (10.9) 

As with the boost converter, the buck-boost converter gain is not a linear function of duty cycle D. 

Further, (/0.9) shows that the ideal gain Gy; approaches infinity as D approaches 1. When parasitic 

resistances of the inductor and capacitor are considered, the actual gain (Gj) departs significantly from 
the ideal gain for values of D > 0.75. (See Problem 10.14.) 

The common case of continuous current i, exists only if the value of L > L, (critical inductance) 

that results in marginally continuous conduction for iz. For such case, [pin = 0 in Fig. 10-7 and 

ir(0) = 0. By application of (/0.2), 


V, 
iQ=7t O<t<DT, 


c 
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Evaluate for t= DT, and use (10.9) to yield 


. V V1 — D) 
Imax = in(DT,) =F DT, = =F — T, 
For the triangular waveform of ip, 
oe dy CDE. , 
I = (ip) — 5 Imax —r—" = 5 - DY'T, 


Ss 


But J, = V>/R, which can be equated to the above expression for J,.. After rearrangement, 


_(=DYT,R, _ (= DPR, 


L, 
: 2 2f; 


(10.10) 


Example 10.4. A buck-boost converter with a 30-kHz switching frequency is operating with D=0.25. The 
connected load is described by R; = 10Q. Find the value of critical inductance so that 7, is continuous. 
By (/0.10), 


,0= DYR, _ (1 —0.25)°(10) 


= — 93.75 wH 
of, 2(30 x 103) ” 


10.6. SPICE ANALYSIS OF SMPS 


For simulation of near ideal (lossless) SMPS, the switch element Q can readily be modeled using the 
PSpice voltage-controlled switch. The element specification statement for the voltage-controlled switch 
has the form 


S-++my My Cy Cy VCS 


Any alpha-numeric combination suffix can follow S to uniquely specify the voltage-controlled switch. 
The nodes are clarified by Fig. 10-8. A fast rise and fall time (5ns), 1-V pulse should be used for the 
control voltage vsy. Accepting the default ON state and OFF state control voltages of 1 V and 0V, 
respectively, results in duty cycle ON time approximately equal to the pulse duration. For minimum 


Ror $ VCS 


Fig. 10-8 Voltage-controlled switch 
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conduction losses, the ON state resistance of the voltage-controlled switch should be specified in the 
.MODEL statement by 


-MODEL VCS VSWITCH (RON = le-6) 


Example 10.5. Use SPICE methods to model the buck converter of Fig. 10-2; let D=0.5, f, = 25kHz, 
L= 100 wH, C= 50puF, and R; = 5Q. Generate the set of waveforms analogous to Fig. 10-3. 

The netlist code follows, where the initial conditions on inductor current and capacitor voltage were determined 
after running a large integer number of cycles to find the repetitive values. 


Exl0 5.CIR 
* BUCK CONVERTER 
* D=DUTY CYCLE, fS=SWITCHING FREQUENCY 
. PARAM D=0.5 fs=25e3Hz 
vi O DC 12V 
SW 4 2VcCS 
PULSE(OV 1V Os 5ns 5ns {D/fs} {1/fs}) 
100uH IC=0.6A 
DMOD 
50uF IC=6V 
5ohm 
»-MODEL DMOD D(N=0.01) 
»-MODEL VCS VSWITCH (RON=1le-60hm) 
-TRAN 5us 0.2ms Os 100ns UIC 
. PROBE 
.- END 


Execute (Ex10_5.CIR) and use the Probe feature of PSpice to plot the waveforms of Fig. 10-9. 
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Time 


Fig. 10-9 
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Solved Problems 


A lossless buck converter supplies an average power of 20 W to a load with a regulated 12-V 
output while operating at a duty cycle of 0.8 with continuous inductor current. Find the average 
values of (a) input voltage and (b) input current. 


(a) By (0.5), 


V>_ 12 
Vi=p =o BV 


(b) Since the converter is lossless, output power is equal to input power; thus, 


Viti = Po = Pin 
or 
Po. 220 
=== 1.333A 
1 Y, 15 


A buck converter is connected to a 7Q load. Inductor L = 50 wH and the switching frequency 
f; =30kHz. Determine the smallest value of duty cycle possible if the inductor current is 
continuous. 


Solve (0.6) for D to find 


FL. 2(30 x 10°)(50 x 107° 
D=De.=1 Mike — | COR TONCO TY) = 0.4286 
DE 


Assume the buck converter of Fig. 10-2 is lossless so that the input power (P;,,) is equal to the 
output power (P,). Derive an expression for the current gain G; = 1)//,. 


The input power and output power are found by use of (/.20). 


1 ts 1 pts 
Pn=z| Vii, dt = nz | i, dt = Vit, (2) 
T, 0 T, 0 
1 ts 1 fs 
Po==> iy dt = VaIn — dt = V>I. 2 
0 ral U2Ip ah | 249 (2) 


Constant values for vy and i, were assumed in (2). Equate (/) and (2). Rearrange the result and use (/0.5) 
to find 


Pe Wel cme 
i, Vy D 


A buck converter is fed from a 12-V de source. It supplies a regulated 5 V to a connected 5Q 
load. The inductor current is continuous. Determine (a) the duty cycle and (5) the output 
power. 


(a) Based on (/0.5), 


(6) By (.23), 
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10.5 


10.6 


10.7 


Sketch the source current i, and the diode current ip for the buck converter of Fig. 10-2 with 
continuous inductor current. 


When Q is ON, i; =i, and ip =0. If Q is OFF, i; = 0 and ip =i,;. From these observations, the 
current i; and ip can be sketched based on Fig. 10-3. The results are shown in Fig. 10-10. 


(D+ Ty ars 


oy 


Ts 


(D +1) Ts or; 


Fig. 10-10 


Determine a set of equations that describe the instantaneous inductor current i,(t) over a period 
T, for the buck converter. 


Refer to i, and vu, of Fig. 10-3. For 0 < ¢< DT,, application of (/0.2) gives 


Vi—-Vy 


aot () 


in(t) = Imin + 


For DT, < t < T,, create a t'-coordinate frame with origin at f= DT, so that t' = +— DT,. In the t’ frame, 
application of (2) from Example 10.1 yields 


iz(t’) = Tmax 7 (t DT;) (2) 


To complete the work, expressions for Jj, and Jin Must be found. Evaluate (/) for t= DT, to find 


Vi-V2 


i,(DT,) = Tmax — Fnin t L 


DT; (3) 


Since (i,) = J; = 1, and since the i, waveform of Fig. 10-3 is made up of straight line segments, 


Trane 1 Lai Vy 
L = max min ees 
eo (4) 
Simultaneous solution of (3) and (4) result in 


_ Vy Vi = V2)D 
_— Vy Vi -V2)D 


Trnin = R, IPL (6) 


where f, = 1/T,. 


Find the maximum and minimum values of the inductor current for the buck converter of 
Problem 10.2 if the duty cycle D= 0.6 and V; = 24V. 


Since D = 0.6 > Dyin = 0.4286, continuous inductor current is assured. Also, by (/0.5), 


V> = DV, =0.6(24) = 14.4V 
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By (5) and (6) of Problem 10.6, 


V, (Vi-V2)D_ 14.4 (24 — 14.4)(0.6) 
Imax = p~1 = 4 =3.977A 
peer aed 2f,L 7 * 2(30 x 10°)(50 x 10%) 
V> (Vi-V2)D_ 14.4 (24 — 14.4)(0.6) 
Tosi =0.137A 
me RE, = OE 7 2(30 x 10°)(50 x 10-%) 


For work to this point, the output voltage of the buck converter has been assumed constant 
(v. ~ V2) for sufficiently large values of C; however, since ic is a time-varying quantity, v. does 
display a small peak-to-peak ripple Av. Use the change in capacitor charge (Q-), under the 
assumption that the time-varying component of i, flows through C, to calculate the voltage ripple 
Av» for the case of continuous inductor current. 


Since v7 = Q-/C, the total increment in v) is 
Av = AQc/C (1) 
The total increment in charge Qc¢ is given by the half-period duration amp-second, triangle-shaped area of i, 
above /, = J; in Fig. 10-3. 
1 T, 
AQc = 3 Umax —h) > (2) 


Use 1, = V2/R, and (5) of Problem 10.6 in (2) and substitute the result into (7) to yield the peak-to-peak 
ripple voltage. 


_1fl\ “= V2)D T; 
Ane (5) this +2 3) 
From (/0.5), V; = V3/D. Substitute into (3), use T, = 1/f,, and rearrange to find 
(1—D)v2 
A —, 


For the buck converter of Example 10.5, (a) calculate the percent voltage ripple by (4) of 
Problem 10.8 and (6) formulate a SPICE simulation to numerically determine the percentage 


ripple. 
(a) By (4) of Problem 10.8 with the values of Example 10.5 and using (0.5), 
Aw _(L—D) (1 — 0.5) 
V, ~~ 8f2LC ~~ 8(25 x 10°)7(100 x 10-°)(50 x 107°) 


100% 100% = 2% 


(b) Execute (Ex10_5.CIR) and use the Probe feature of PSpice to plot v. = V(3) with marked values shown 
in Fig. 10-11. Then, 


__ 6.064 + 5.943 


a ; = 6.0035 
Avy = 6.064 — 5.943 = 0.121 
Av, 0.121... : 

Te = Go035 100% = 2.01% 


The error in the two methods is much less than | percent. 


10.10 A boost converter with continuous inductor current is fed from a 12-V source with a 60 percent 


duty cycle while supplying a power of 60 W to the connected load. Determine (a) the output 
voltage, (b) the load resistance, and (c) the load current. 
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Time 


(a) By 0.7), 


(b) Based on (J/.23), 


(c) By Ohm’s law, 


10.11 Let R, be the inherent resistance of the inductor L for the boost converter of Fig. 10-4 and derive 
an expression for the actual voltage gain (Gj = V/V) that is valid for continuous inductor 
current. Treat Vas constant in value. Assume that i, can be described by straight line segments. 


Figure 10-12(a) represents the circuit of Fig. 10-4 with Q ON and D OFF from which KVL gives 
di 


Let Rei = Vi O<t<DT, (1) 


i, R L L i, OR, L 
MANO i — ANN THD 
\i 


ic ic | 


L, 
As Cc R, as C R, 


0<t<DT. DT <t<T, 
(a) (b) 
Fig. 10-12 
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The equivalent circuit of Fig. 10-12(5) is valid for Q OFF and D ON, yielding 


4 
L2+R=Vi-V, DT, <t<T, (2) 


Integrate both (/) and (2) over their time regions of validity to give 


it (DT,) DT, DT, 

L | di, + R, | dt=V,; | dt (3) 
i, (0) 0 0 
i (Ts) T, T, T, 

| di, + Ry | dt=V,; | dt — V3 | dt (4) 
i,(DT,) DT, DT, DT, 


Add (3) and (4) and divide by 7, to find 


L fic 1 ft V, ¢Pts V> (ts 
=| di, + Rez | indo | 1-2 | dt (5) 
T; Ji,(0) T, Jo T; Jo T, 


If i, is periodic, i,(0) = i,(T,). Hence, the first term of (5) has a value of zero. The second term is 
Riz) = R,t,. Thus, (5) can be written as 


Rud, = V,— (1 — D)V2 (6) 
From the waveform sketch of Fig. 10-5, 
1 ts 
h==> i, dt 
: T, ie i 


Since i, is described by straight line segments, it follows that 


T, = T(1 a D)T, 


or 


L Vy 
IL= a 7 
’“T—D~ R,(1—D) ”) 
Substitute (7) into (6) and rearrange to yield 
an 2 1—D)R 
gi, 12 = DR, és 


V, Ry +R, — DY 


Use SPICE methods to model the boost converter of Fig. 10-4 with f, = 20kHz, D = 0.25, 
L=50wH, C = 100 uF, and R; = 7.5Q. From the model, generate a set of waveforms analo- 
gous to Fig. 10-5. 


The netlist code is shown below where the initial conditions on inductor current and capacitor voltage 
were determined after running a large integer number of cycles to find the repetitive values. 
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Prb10_12.CIR 

* BOOST CONVERTER 

* D=DUTY CYCLE, fS=SWITCHING FREQUENCY 
.- PARAM D=0.25 fs=20e3Hz 


vil 2 
SW 


2 
4 
1 
2 
3 
3 


Be: Sy 

4 0 VCS 

PULSE(OV 1V Os 5ns 5ns {D/fs} {1/fs}) 
50uH IC=1.657A 

DMOD 

100uF IC=20.05V 

7.50hm 


.- MODEL DMOD D(N=0.01) 
.- MODEL VCS VSWITCH (RON=1e-6ohm) 
.- TRAN lus 0.25ms Os 100ns UIC 


- PROBE 


Execute (Prb10_12.CIR) and use the Probe feature of PSpice to plot the waveforms shown in Fig. 10-13. 


Time 


Fig. 10-13 


10.13 A lossless buck-boost converter with continuous inductor current supplies a 10Q load with a 
regulated output voltage of 1S V. The input voltage is 12V. Determine the value of (a) duty 
cycle, (b) input power, and (c) average value of input current. 


(a) Solve (10.9) for D to find 


(b) Based on (/.23) for this lossless converter, 


V5 15 
5555 
VitVy 12415 0 
vs (15) 
P,, = P, =— (5) _ 99 sw 


Rr 10 
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(c) The average value of input current follows as 


Pi, 22.5 
=—"@ =" =1875A 
“yy, 2 


10.14 If R, is the inherent resistance of the inductor L for the buck-boost converter of Fig. 10-6, derive 
an expression for the actual voltage gain (Gy = V2/V,) that is valid for continuous inductor 
current. Assume that i; is described by straight line segments. 


The circuit of Fig. 10-14(a) represents the circuit of Fig. 10-6 with Q ON and D OFF. By KVL, 


ri 
LER I= Vi 0<1<DT, (J) 


Fig. 10-14 


The circuit of Fig. 10-14(5) is valid for Q OFF and DON. Whence, 


L ae Rip =v, DT, <t<T, (2) 
In similar manner to the procedure of Problem 10.11, integrate (/) and (2), add the results, and divide by T, 


to find 


L fie 1 ¢% V, ft 1 ¢t 
=| di, + Ry | i, dt = — | dt | v, dt (3) 
s Ji,(0) T, 0 T, 0 T, DT, 


For a periodic i,, the first term of (3) must be zero. Recognize the average values of i, and v2, respectively, 
in the second term on each side of the equation to give 


RI, = DV, —(1— D)V, (4) 
From Fig. 10-14, 
dv, U2 
Ss= H <t< DT, 5 
dt R, Osis DT, ©) 
dv> . U2 
—~=i,-— DT, <t<T, 
Cc dt IL R, sot S Fy (6) 


Integrate, add, and divide by 7, for (5) and (6). 


v(T,) 1 ¢% 11% 
al ‘i dn = | indt-a7 | vu, dt (7) 
s Jv7(0) s 5 K 


The first term of (7) must be zero for periodic v.. Owing to the straight-line segment description of i,, the 
first term on the right-hand side of (7) can be written as (1 — D)I;. Recognize the average value of v2 in the 
last term. Thus, (7) becomes 


Vy 
ae lal (8) 
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Solve (8) for /,, substitute the result into (4), and rearrange to yield 
V>  DA—D)R, 


Ce = 
PV Re + — DPR, 


(9) 


10.15 By SPICE methods, model the buck-boost converter of Fig. 10-6 with f, = 30kHz, D = 0.4, 
L=70wH, C = 100 uF, and R; = 102. Use the model to generate a set of waveforms analo- 
gous to Fig. 10-7. 


The netlist code is shown below where the initial conditions on inductor current and capacitor voltage 
were determined after running a large integer number of cycles to find the repetitive values. 


Prb10_15.CIR 
* BUCK-BOOST CONVERTER 
* D=DUTY CYCLE, fS=SWITCHING FREQUENCY 
- PARAM D=0.4 fs=30e3Hz 
V1 bc 15V 
SW 4 2 VCS 
PULSE(OV 1V Os 5ns 5ns {D/fs} {1/fs}) 
7OuH IC=0.229A 
DMOD 
100uF IC=10.02V 
100hm 
. MODEL DMOD D(N=0.01) 
.-MODEL VCS VSWITCH (RON=1e-6ohm) 
.- TRAN lus 0.166667ms Os 100ns UIC 
.- PROBE 
- END 


Execute (Prb10_15.CIR) and use the Probe feature of PSpice to plot the waveforms of Fig. 10-15. 


Time 


Fig. 10-15 
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Supplementary Problems 


Determine the smallest value of inductance that could have been used for the buck converter of Example 
10.5 and the inductor current remain continuous. Ans. L=L,=50uH 


Find the values of Jina, and Jin for the buck converter of Example 10.5 if the value of L = L, = 50H, as 
determined in Problem 10.16. Ans. Imax = 2.4A3 [min = 9 


Use the procedure of Problem 10.3 to find an expression for the current gain G; = J,/J, for the ideal boost 
converter of Fig. 10-4. Ans. G;=1-—D 


Use Problem 10.6 as a guideline to derive expressions for Imax and Imi, shown on the boost converter 
waveforms of Fig. 10-5. 


V5 AD, fet 2G VD 
(—D)R, | 2f,L’ “™ (1—D)R, 2f,L 


Ans. Imax = 


The actual gain Gj, for the boost converter with inherent inductor resistance was determined in Problem 
10.11. Determine the duty cycle D = D, for which Gy has a maximum value. 


Ans. Dy, =1—JSR,/Rr 


Find an expression for the peak-to-peak ripple voltage of a boost converter. 
Ans. Av> =) Vo/(A,Rt C) 


Execute (Prb10_12.CIR) of Problem 10.12 and plot v) = V(3). From the plot, determine the peak-to-peak 
ripple voltage Av). Ans. Avy = 0.383 V 


Determine the smallest value of inductance that could have been used for the buck-boost converter of 
Problem 10.15 and the inductor current remain continuous. Ans. L=L,=24yuH 


The actual gain Gj for the buck-boost converter with inherent inductor resistance was determined in 
Problem 10.14. Determine the duty cycle D = D, for which Gj, has a maximum value. 


1/2 
Ans. D, 14 Ry Ry 14 Ry 
R, R, R, 


Use the procedure of Problem 10.3 to find an expression for the current gain G; = J,//, for the ideal buck- 
boost converter of Fig. 10-6. Ans. G,;=(1—D)/D 


Show that the expressions for [jax and Jin Shown on the buck-boost converter waveforms of Fig. 10-7 are 
identical to those determined for the boost converter in Problem 10.19. 


Execute (Prb10_15.CIR) of Problem 10.15 and plot v. = —V(3). From the plot, determine peak-to-peak 
ripple voltage Av). Ans. Av, ~ 0.153 V 


AC load lines, 82 Average value of sinusoidal function, 13-15 
Active elements, 2 


Active mode of transistor operation, 77 B cutoff frequency, 249 
Adjustable-output voltage regulator, 272 Band-pass filter, 226 
Amplification factor, 116, 208, 219 Base-emitter-junction resistance, 233 
Amplifiers: Base ohmic resistance, 232 

buffer, 269 Battery source, 2 

common-base (CB), 170-171 Bias: 


common-collector (CC), 99, 165, 171-172 
common-drain (CD), 200, 202 
common-emitter (CE), 168-170 
common-gate (CG), 200, 203 
common-grid, 224 
common-source (CS), 200, 201-202 
difference, 195 
differential, 268 
differentiating, 262 
emitter-follower (EF), 99, 165 
exponential, 278 
fixed, 156 
frequency effects (see Frequency effects in 
amplifiers) 
integrating, 262-263 
inverse log, 278 
inverting, 259-260 
logarithmic, 263 
noninverting, 260 
source-follower (SF), 200, 202 
summer, 261—262 
triode, 205-207 
unity follower, 269 
(See also Small-signal midfrequency BJT amplifiers; 
Small-signal midfrequency FET amplifiers; 
Operational amplifiers) 
Amplitude ratio, 227 
Anode, 30, 115 
Avalanche breakdown, 32 
Average power, 14 
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B-independent, 79 

in bipolar junction transistors, 78-81 
cathode, 132 

considerations in transistors, 136-143 
constant-base-current, 136-137 
constant-emitter-current, 137-138 
drain-feedback, 114 

in MOSFET, 114 

Q-point-bounded, 140-141 

shunt feedback, 138 

in triode, 115-117 

voltage divider, 107 


Bias line: 


drain feedback, 114 
of JFET, 107-108 
of triode grid, 116, 132 


Bipolar junction transistors (BJT), 70-102 


ac load lines in, 82 

amplifiers, small-signal midfrequency, 163-174 
B uncertainty in, 136-138 

bias and, 78-81 

capacitors in, 82 

common-base (CB) connection, 71 
common-base terminal characteristics of, 71 
common-emitter (CE) connection, 71 
common-emitter terminal characteristics of, 71-72 
constant-base-current bias in, 136-137 
constant-emitter-current bias in, 137-138 
construction of, 70-71 

current relationships in, 77-78 
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Bipolar junction transistors (BJT) (continued) 
dc load lines in, 78-81 
high-frequency hybrid-z model for, 232-234 
nonlinear-element stabilization of, 139-140 
shunt-feedback bias in, 138 
SPICE model for, 72-76 
stability-factor analysis in, 139 
symbols for, 70 
temperature effects in, 136-138 

Bode plot, 227-229 
asymptotic, 229 

Boost converter, 290-292 

Break frequency, 228 

Buck converter, 289-290 

Buck-boost converter, 292-294 

Buffer amplifier, 269 

Bypass capacitors, 82, 229-231 


Capacitance, | 

depletion, 33 

diffusion, 33 

Miller, 235-236 
Capacitor current, 289 
Capacitors: 

in amplifiers, 229-232 

in bipolar junction transistors, 82 

bypass, 82, 229-231 

coupling, 82, 229, 231-232 
Cathode, 30, 115 
Cathode bias, 132 
Cathode follower, 224 
Circuit analysis, 1-15 

elements, 1—2 

laws, 3 

network theorems in, 4-8 

SPICE elements in, 2-3 

steady-state, 4 
Clamping, 44 
Clipping circuits, 44 
Collector characteristics: 

of common-base (CB) connection, 71 

of common-emitter (CE) connection, 72 
Common-base (CB) amplifier, 170-171 
Common-base (CB) connection, 164-165 
Common-base (CB) transistor, 71 
Common-collector (CC) amplifier, 99, 165, 171-172 
Common diode, 30 
Common-drain (CD) amplifier, 200, 202 
Common-emitter (CE) amplifier, 168-170 
Common-emitter (CE) transistor, 71-72 
Common-emitter (CE) hybrid parameter, 164 
Common-emitter (CE) transistor connection, 163-164 
Common-gate (CG) amplifier, 200, 203 
Common-grid amplifier, 224 
Common-mode gain, 260 
Common-mode rejection, 268 
Common-mode rejection ratio, 260-261 


Common-source (CS) amplifier, 200, 201-202 
Common-source (CS) JFET, 103 
Conductance, 1 
Constant-base-current bias, 136-137 
Constant-emitter-current bias, 137-138 
Constants of proportionality for dc currents, 77 
Control grid, 115 
Controlled current source, 2 
Controlled voltage source, 2 
Converters: 

boost, 290-292 

buck, 289-290 

buck-boost, 292-294 
Corner frequency, 228 
Coupling capacitors, 82, 229, 231-232 
Critical inductance, 289 
Current: 

amplification, 168 

Kirchhoff’s law of, 3 

sources, 2 
Current-gain ratio, 227 
Cutoff, 77 

high-frequency point, 232 

low-frequency point, 229 


DC load line: 

in bipolar junction transistors, 78-81 

in diodes, 38 

in JFETs, 107-109 

in vacuum triode amplifiers, 117 
DC steady state, 4 
DC voltage source, 2 
Darlington transistor pair, 92 
Default transistor model, 73, 74 
Dependent current source, 2 
Dependent voltage source, 2 
Depletion capacitance, 33 
Depletion-enhancement-mode MOSFET, 128 
Depletion-mode MOSFET, 111 
Difference amplifier, 195 
Differential amplifier, 268 
Differentiating amplifier, 262 
Diffusion capacitance, 33 
Diodes, 30-69 

definition of, 30 

ideal, 30-31 

light-emitting (LED), 66 

rectifier, 30 

reference, 46 

varactor, 69 

Zener, 46-48 

(See also Semiconductor diodes) 
Drain characteristics: 

of JFET, 103 

of MOSFET, 111 
Drain-feedback bias, 114 
Driving-point impedance, 5 


Dynamic load line, 36 
Dynamic resistance of diode, 38 


Effective value, 14 
Element: 
active, 2 
circuit, 1-2 
passive, | 
SPICE, 2-3 
Element specification statement, 3 
Emitter-follower (EF) amplifier, 99, 165 
Enhancement-mode operation, 111 
Equivalent circuits: 
for BJT, small signal, 163, 164 
for FET, small signal, 200-201 
hybrid-z, 233 
for semiconductor diodes, 38-40 
tee, 166-167 
Exponential amplifier, 278 


Feedback resistor, 259 
Field-effect transistors (FET), 103-117 
amplifiers, small-signal midfrequency, 200-205 
high-frequency model for, 234-235 
insulated-gate (IGFET), 110 
junction (see Junction field-effect transistor) 
metal-oxide-semiconductor (see Metal-oxide- 
semiconductor field-effect transistor) 
Q-point-bounded bias for, 140-141 
SPICE model of, 105-107, 111-114 
Filter(s): 
application in operational amplifiers, 264 
band-pass, 226 
high-pass, 229-230 
in semiconductor diodes, 42 
low-pass, 264 
Filtering, waveform, 42-44 
Fixed bias, 156 
Forward-biased diode, 30 
Forward current, 30 
Forward current gain: 
in common-base (CB) connection, 165 
in common-collector (CC) connection, 182 
in common-emitter (CE) connection, 164 
Frequency: 
B cutoff, 249 
break or corner, 228 
response, 227 
transfer function, 227 
Frequency effects in amplifiers, 226-238 
Bode plots, 227-229 
of bypass and coupling capacitors, 229-232 
high-frequency FET models, 234-235 
high-frequency hybrid-z BJT model, 232-234 
Miller capacitance, 235-236 
response, 227—229 
response using SPICE, 236-238 


INDEX 


Frequency modulation transmitter, 69 
Full-wave rectifier, 40 


Gain ratio, 227 
Generic transistor model, 73, 75 
Graphical circuit analysis: 

of JFET, 110 

of semiconductor diodes, 35-38 
Grid bias line of triode amplifier, 116, 132 
Grid characteristics of vacuum triodes, 115-116 
Grids in vacuum tubes (triodes), 115, 116 
Gyrator, 284 


h (or hybrid) parameters, 8 
Half-cycle average value, 14 
Half-wave rectifier, 40 
High-frequency region, 232 
High-pass filter, 229-230 
Hybrid (or 4) parameter(s), 8 
CE, 164 
models in BJT amplifiers, 163-166 
Hybrid-z BJT model, high-frequency, 232-235 


Ideal current source, 2 
Ideal diode, 30-31 
Ideal voltage source, 2 
Impedance(s): 
driving-point, 5 
match or change, 168 
reflection rule, FET amplifier, 210 
Inductance, 1 
critical, 289 
Inductor current, 287-288 
Inductor voltage, 287-288 
Input characteristics: 
of common-base (CB) connection, 71 
of common-emitter (CE) connection, 72 
of vacuum triodes, 116 
Input resistance: 
in common-base (CB) connection, 165 
in common-collector (CC) connection, 182 
in common-emitter (CE) connection, 164 
Instantaneous power, 14 
Instantaneous values, 13-15 
Integrating amplifier, 262-263 
Inverse log amplifier, 278 
Inverse mode of transistor operation, 77 
Inverting adder, 261 
Inverting amplifier, 259-260, 261 
Inverting differentiator, 262 
Inverting input operational amplifier, 258 
Inverting integrator, 262 
Inverting summer amplifier (adder), 261 


Junction field-effect transistor (JFET), 103-110 
bias line of, 107-109 
bipolar junction transistor compared with, 104 
in common-source (CS) connection, 103 
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Junction field-effect transistor (JFET) (continued) Network(s) (continued) 
construction of, 103 linear, 4 
graphical analysis for, 110 theorems, 4-6 
load line of, 107-109 two-port, 8-13 
n-channel and p-channel, 103 Network phase angle, 227 
shorted-gate parameters of, 104 Noninverting amplifier, 260 
SPICE model of, 105-107 Noninverting input operational amplifier, 258 
symbols for, 103-104 Nonlinear-element stabilization, 139-140 
terminal characteristics of, 103-105 Norton’s theorem, 6 


Kirchhoff’s current law, 3 


Kirchhoff’s voltage law, 3 phew 


Open-circuit impedance (or z) parameters, 8 
Operational amplifiers, 258-267 


Pas renwerka2) common-mode rejection ratio in, 260-261 


cs ae definition of, 258 
Kirchhoff’s current and voltage, 3 acerca ae 
: differentiating, 262 
Ohm’s, 1 


exponential, 278 

filter applications in, 264 
function generators in, 264-265 
ideal, 258-259 

integrating, 262-263 

inverse log, 278 

inverting, 259-260 

logarithmic, 263 

noninverting, 260 


Lead network, 228 

Level clamp, 271 

Level-discriminator circuit, 68 
Light-emitting diode (LED), 66 
Limiter circuit, 272 

Linear controlled source, 2 

Linear mode of transistor operation, 77 
Linear network, 4 


ae practical, 258-259 
He 38.117 signal conditioners in, 264-265 
bas. 5, SPICE model of, 265-267 
diode, 35-38 
: summer, 261-262 
dynamic, 36 


unity follower, 269 
Output admittance: 
in common-base (CB) connection, 165 
in common-collector (CC) connection, 182 
in common-emitter (CE) connection, 164 
Output characteristic: 
of common-base (CB) connection, 71 
of common-emitter (CE) connection, 72 
of JFET, 103 
of vacuum triodes, 116 


JFET, 107-109 

MOSFET, 114-115 
Logarithmic amplifier, 263 
Low-frequency region, 229 
Luminous intensity, 66 


Maximum symmetrical swing, 87, 95 
Metal-oxide-semiconductor field-effect transistor 
(MOSFET), 103, 110-115 


bias of, 114 
construction of, 110 
depletion-mode operation of, 114, 128 p-channel transistor, 103 
enhancement-mode operation of, 114, 128 Parameter(s): 
insulated-gate, 110 hybrid (or /), 8 
load line of, 114-115 open-circuit impedance (or z), 8 
SPICE model of, 111-114 variation analysis of, 141-143 
symbols for, 110 Parameter conversion, 167-168 
terminal characteristics of, 110-111 Passive elements, | 
Midfrequency BJT amplifiers, 163-174 Passive sign convention, 26 
Midfrequency range, 163 Perveance, 116 
Miller capacitance, 235-236 Phase shift of signals, 168 
Phase-splitter circuit, 222 
n-channel transistor, 103 Piecewise-linear techniques, 38 
Negative-impedance converter (NIC), 276 Pinchoff, 103 
Network(s): Pinchoff voltage, 104 
lag, 228 Plate characteristic of vacuum triode, 116 


lead, 228 Plate resistance, 207 


Port, 5 

Power amplification, 168 

Power supplies (see Switched mode power supplies) 
Power transfer ability, 168 


Q-point (see Quiescent point) 
Quiescent point (Q-point): 
of bipolar junction transistors, 78 
bounded bias, 140-141 
of diodes, 38 


r-parameter model, 166-167 
Rectifier circuits, 40-42 
full-wave, 40 
half-wave, 40 
Rectifier diode, 30 
Reference diode, 46 
Resistance, 1 
base-emitter-junction, 233 
dynamic, 38 
Reverse-biased diode, 30 
Reverse current, 30 
Reverse voltage ratio: 
in common-base (CB) connection, 165 
in common-collector (CC) connection, 182 
in common-emitter (CE) connection, 164 
Ripple factor, 42 
Root-mean-square (rms) values, 13-15 


Saturation, 77 
Saturation voltage, 259 
Self-bias, 118 
Semiconductor diodes, 30-69 
clipping and clamping operations of, 44-46 
dynamic resistance of, 38 
equivalent-circuit analysis of, 38-40 
graphical analysis of, 35-38 
ideal, 30-31 
in rectifier circuits, 40-42 
SPICE model of, 33-35 
terminal characteristics of, 32-33 
waveform filtering and, 42-44 
Zener, 46-48 
(See also Diodes) 
Sensitive variable, 141 
Sensitivity analysis, 139, 141-143 
Shorted gate parameters, 104 
Shunt-feedback bias, 138 
Sinusoidal steady-state, 4 
Small-signal equivalent-circuit models, 163 
Small-signal midfrequency BJT amplifiers, 163-174 
common-base (CB) analysis, 164-165, 170-171 
common-base (CB) transistor connections in, 
164-165 
common-collector (CC) analysis, 165, 171-172 
common-emitter (CE) analysis, 163-164, 168-170 
common-emitter (CE) transistor connections in, 
163-164 
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Small-signal midfrequency BJT amplifiers (continued) 
hybrid-parameter models of, 163-166 
measures of goodness, 168 
parameter conversion in, 167-168 
SPICE analysis of, 172-174 
tee-equivalent circuits in, 166-167 

Small-signal midfrequency FET amplifiers, 200-205 
common-drain (CD) analysis, 200, 202 
common-gate (CG) analysis, 200, 203 
common-source (CS) analysis, 200, 201-202 
equivalent circuits in, 200-201 
rules of impedance and voltage reflection for, 210 
SPICE gain calculations of, 203-205 

Small-signal techniques, 38 

Source bias, 133 

Source-drain resistance, 201 

Source-follower amplifier, 200, 202 

SPICE elements, 2—3 

SPICE model: 
of BJT, 72-76 
of diode, 33-35 
FET amplifier gain calculation with, 203-205 
frequency response in amplifiers using, 236-238 
of JFET, 105-107 
of MOSFET, 111-114 
of op amps, 265-267 
parameter variation analysis with, 141-143 
of small-signal midfrequency BJT amplifiers, 

172-174 
of switched mode power supplies, 294-295 

Stability factor analysis, 139 

Stable system, 227 

Steady state, 4 
de, 4 
sinusoidal, 4 

Steady-state circuits, 4 

Substrate, 110 

Subtractor amplifier, 268 

Summer amplifier, 261-262 

Superposition theorem, 4 

Switched mode power supplies, 287-295 
analytical techniques of, 287-289 
boost converters in, 290-292 
buck converters in, 289-290 
buck-boost converters in, 292-294 
definition of, 287 
SPICE analysis of, 294-295 

Switching period (frequency), 289 


Tee-equivalent circuit, 166-167 
Theorem(s): 

network, 4-6 

Norton’s, 6 

superposition, 4 

Thévenin’s, 5 
Thévenin’s theorem, 5 
Threshold voltage, 110 
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Transconductance, 201, 207 
Transfer bias line, 108 
Transfer characteristic: 
of common-base (CB) connection, 71 
of common-emitter (CE) connection, 72 
of JFET, 105 
of MOSFET, 111 
in semiconductor diode, 44 
Transfer function(s), 227 
current-gain ratio, 227 
frequency, 227 
voltage-gain ratio, 227 
Transfer graph, 44 
Transistor models, 73-75 
Transistors: 
bias considerations in, 136-143 
operating modes of, 77 
unipolar, 103 
(See also Bipolar junction transistors; Field-effect 
transistors) 
Triode amplifiers, 205—207 
Triodes, vacuum, 115-117 
bias of, 115-116 
construction of, 115 
symbols for, 115 
terminal characteristics of, 115 
Tubes, vacuum, 115 
Two-port network, 8-13 
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Unipolar transistor, 103 
Unity follower amplifier, 171, 269 
Unity-gain bandwidth, 283 


Vacuum triodes (see Triodes, vacuum) 
Vacuum tubes, 115 
Varactor diode, 69 
Virtual ground, 268 
Voltage: 
Kirchhoff’s law of, 3 
reflection rule, FET amplifier, 210 
saturation, 259 
(See also entries beginning with the term Voltage) 
Voltage amplification, 168 
Voltage divider, 107 
Voltage-gain ratio, 227 
Voltage regulation: 
adjustable-output, 272 
in diodes, 40 
Voltage sources, 2 


Waveform filtering, 42-44 
Worst-case analysis, 142 


z (or open-circuit impedance) parameters, 8 
Zener diode, 46-48 


